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SUMMARY 
In the recent years, with the advance in the research of the brain and cognitive 
science, various EEG-based applications have been widely discussed, explored and 
developed. Earlier research has shown that a variety of mental states can be detected 
and classified by means of exploiting the EEG data. Most of these developed 
applications such as the mental fatigue screening system and the workload evaluation 
requires only a short few minutes of EEG data for the analysis.  
However, the basic technology of using electrodes with electrolyte gel and paste has 
not been changed fundamentally. This is mainly due to the fact that EEG 
measurements are prone to noise, the use of conventional electrodes requires skin 
preparation, and vast amount of electrolyte gel is required to achieve low electrode-
scalp impedance, which leads to long set-up time.  
Moreover, after the application of electrolyte gel, waiting time is needed to achieve a 
stabilized impedance value. This long set-up time results in restricting the use of EEG 
outside the clinic and research institute, even though there is a significant growing 
need for them. An electrode system that does not require long set-up time and can be 
used immediately after the application of the electrode represents a major 
advancement in this technology and could significantly increase its utility. 
The objective of this thesis is to provide the fundamental and comprehensive 
understanding of the factors concerned with the resistive bio-potential measurement. 
The factors cover most of the important time-variant characteristics of electrode-skin 
impedance including the effects of different electrode-skin contact areas, variations of 
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ionic diffusion routes of the skin, chemical enhancer and skin compression on the 
electrode-skin impedance.  
The effects of different electrode-skin contact areas as well as variations of skin 
structure in relation to the ionic diffusion routes have been studied. The present study 
showed that the presence of appendages (hair follicles and sweat gland) played more 
important roles in defining the electrode-skin impedance than the Stratum Corneum 
(SC) and its time-variant characteristics. This study also showed that, smaller 
electrode-skin contact area not only resulted in higher skin impedance, it also caused 
the rates of change in electrode-skin impedance to fall.  
This research further investigated the enhancing effect of the ethanol and propylene 
glycol as penetration enhancers. The presence of the enhancers in the electrolyte gel 
resulted in a change in electrode-skin impedance value at a faster rate and settled 
earlier than the gel without enhancers. 
These works also discovered the enhancing effect of skin compression on the change 
in electrode-skin impedance. Compared with conventional wet electrode method on 
the volar forearm, the electrode-skin impedance fell more rapidly.  
Based on the enhancing effect of skin compression and penetration enhancer, a novel 
through-hair fast deployable electrode has been proposed, designed and developed. 
The electrode has been successfully evaluated and validated by conducting a 25-hour 
sleep deprivation experiment. On top of that, a novel through-hair micro-spike 
electrode has also been proposed, designed, developed and tested. The electrode 
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showed better long-term stability than the conventional wet electrode, and achieved 
comparable results in EEG measurements. 
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T  overall decay parameter 
TC  steady state electrode-skin impedance 
0Z  initial value of skin impedance at reference initial 
time point (t=0) 
SZ  Impedance of Stratum Corneum  
AZ  Impedance of  appendages  
S  decay parameter for Stratum Corneum 
A  decay parameter for appendages 
  the gradient of linear for the T OS  curve 
kZ  Impedance of Stratum Corneum 
d  Thickness of Stratum Corneum 
S  electrode-skin contact surface area 
  effective dielectric constant 
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H the height of micro-spike 
X  mean impedance value 
R radius 
Z  the change in skin impedance 
inV  signal source amplitude 
sR  resistance of series resistor 
Z  measured impedance value  
outV  output voltage 
inZ  input impedance of measurement instrument 
3AgNO  silver nitrate 
4NH OH  ammonium hydroxide 
2Ag O silver oxide 
4 3NH NO  ammonium nitrate 
2H O water 
3 2[ ( ) ]Ag NH OH  diamminesilver(I) hydroxide 
6 12 6C H O  glucose 
3NH  ammonia 
3 2 3[ ( ) ]Ag NH NO  ammonical silver nitrate 
6 12 7C H O  gluconic acid 
1M  left mastoid 
2M  right mastoid 
4 2 4( )NH SO  ammonium sulphate 
4CoSO  cobalt sulphate 
NH3٠H2O ammonia monohydrate 
4KBrO  potassium perbromate 
Au  gold 
Sn  tin 
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3FeCl  ferric chloride 
AgCl  silver chloride 
HCl  hydrochloric acid 
2 5C H OH  ethanol 
Na sodium  ion 
K   potassium ion 
Cl chloride ion 
KCl  potassium chloride 






























SC Stratum Corneum 
RC circuit Resistor–Capacitor circuit  
Ag-AgCl Silver- Silver chloride 
DC  Direct Current 
AC  Alternate Current 
DMSO Dimethyl Sulfoxide 
DDAA Dodecyl N,N-dimethylaminaocetate 
FEM Finite Element Method 
IPA Isopropyl Alcohol 
PU Polyurethane 
SEM Scanning Electron Microscopy 
SE Secondary Electrons 
EDX Energy Dispersive X-Ray 
PVA Polyvinyl Alcohol 
SDK Software Development Kits 
SVM Support Vector Machine 
GUI Graphical User Interface 
AWVT Audio Working-Memory Vigilance Task 
PMMA Poly(Methyl methacrylate) 
DXRL Deep X-Ray Lithography 
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CHAPTER 1                                              
INTRODUCTION 
In 1929, Berger (Berger 1929) made the first EEG recordings on human and this has 
since made the EEG technology one of the major tools to investigate a brain's 
functionality. In neurology, the EEG can be used to diagnose the onset of epilepsy as 
a standard EEG study clearly portrays abnormalities for an epileptic activity (Wang, 
Ives et al. 2006). EEG can also be used in the diagnosis of coma, encephalopathy, and 
brain death. According to clinical guideline, 30 minutes is usually sufficient for a 
standard clinical EEG routine. 
In the recent years, with the advance in the research of the brain and cognitive 
science, various EEG-based applications have been widely discussed, explored and 
developed. Earlier research has shown that a variety of mental states can be detected 
and classified by means of exploiting the EEG data. Most of these developed 
applications such as the mental fatigue screening system and the workload evaluation 
require only a short few minutes of EEG data for the analysis.  
However, the basic technology of using electrodes with electrolyte gel and paste has 
not been changed fundamentally. This is mainly due to the fact that EEG 
measurements are prone to noise, the use of conventional electrodes requires skin 
preparation, and vast amount of electrolyte gel is required to achieve low electrode-
scalp impedance, which leads to long set-up time.  
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Moreover, after the application of electrolyte gel, waiting time is needed to achieve a 
stabilized impedance value. This set-up time results in restricting the use of EEG 
outside the clinic and research institute, even though there is a significant growing 
need for them. An electrode system that does not require long preparation time and 
can be used immediately after the application of the electrode represents a major 
advancement in this technology and could significantly increase its utility. 
1.1 Motivation 
In the recent years, with the advancement in signal processing methods and electronic 
technology, many EEG-based applications have undergone intensive research and 
development. The human factors applications that have been reported include rapid 
aerial image triage system, drowsiness detection, human mental workload monitoring 
system, mind control gamin console, vehicle control via BCI etc. (Gevins, Smith et al. 
1998; Berka, Levendowski et al. 2004; Birbaumer and Cohen 2007; Yonghong, 
Erdogmus et al. 2008; Heingartner 2009; Pai-Yuan, Weichih et al. 2009), several of 
which possess extremely promising research potential. These applications also have 
high market potential. However, the major drawbacks with the current EEG 
technology of long preparation time and the requirement of specialized EEG-related 
skills result in the prolonged commercialization for the products and the restriction on 
the use of such technology. 
The EEG recording time is normally less than an hour. In clinical applications, 25 
minutes is recommended for the recording of a standard routine EEG (Reardon, 
Scheffer et al. 1999; Scozzafava, Hussain et al. 2010). In some EEG measurement 
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applications, such as the EEG-based mental-fatigue screening system (Shen, Li et al. 
2008), a time span of only 5 minutes of EEG recording is required. However, the time 
spent on the correct placement of electrodes using a regular EEG 10-20 electrode 
system is between 25 to 45 minutes. This placement depends on the type of electrode 
used and the length and type of subject’s hair. In addition, after the EEG recordings, 
the users or patients have to clean up the electrolyte gel or paste that resides on their 
scalp and hair. The long preparation and cleaning time has led to low EEG 
measurement efficiency and hence does not allow the quality EEG measurements to 
be achieved within 5 minutes.   
Currently, the commercially available electrode system widely used by the clinical 
community is the conventional wet EEG electrode system. There are two types of wet 
electrodes system that are currently available in the market. The first type of wet 
electrode consists of a cup electrode and waxy electrolyte paste. The standard 
procedure to apply such an electrode includes scalp cleaning and abrasion to remove 
the horny layer - Stratum Corneum (SC) and applying the waxy electrolyte paste 
before placing the electrode on the measurement site. Abrasive stick is normally used 
for skin abrasion. It may exfoliate the skin which can cause bleeding and infection. 
This practice has been widely accepted as a standard procedure in the clinical 
environment. The main purpose for this procedure is to minimize the motion artifacts 
and the power line interference which is mainly due to very high electrode-scalp 
impedance of the unprepared scalp. The second type of wet electrode is the EEG 
electrode cap system which reduces the electrode-skin impedance by injecting large 
amount of low viscous electrolyte gel into the Ag-AgCl cup electrodes that are 
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mounted onto the electrode cap. Such a system does not require skin abrasion. 
However, the electrolyte dries over time and electrolyte-bridge may be formed 
between neighboring electrodes resulting in electrolyte shunt effect (Greischar, 
Burghy et al. 2004). The wet electrode system is not designed to be disposable and it 
does not allow immediate repositioning and reusability on the same user or subject. 
The components of the electrode system have to be cleaned and disinfected 
immediately after the EEG recordings (Ferree, Luu et al. 2001).  
More recently, researches in active dry electrode are gaining popularity. The active 
dry electrode requires additional trans-impedance amplifier circuitry mounted on 
them with fixed electrical connection. The major advantages of these types of 
electrodes include the absence of electrolyte gel and less skin preparation time 
(Taheri, Knight et al. 1994; Ruffini, Dunne et al. 2006; Fonseca, Silva Cunha et al. 
2007). The disadvantages of the active electrode are the high production cost, 
compatibility issues with other EEG amplifier head-box, and the restriction in 
electrode size. Hence, it is only suitable for application with low number of 
electrodes. Moreover, less skin preparation time does not mean the EEG recording 
can be started immediately upon the placement of the electrode cap onto the patient’s 
head. At the start, the active ‘dry’ electrode-skin impedance can be as high as few 
MΩ.  
The dry electrode-skin impedance will drop exponentially at a certain rate which 
depends on the insensible perspiration, perspiration that evaporates before it is 
perceived as moisture on the skin (Geddes, Steinberg et al. 1973). The high electrode-
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skin impedance may give rise to impedance mismatch problem which can severely 
deteriorate the EEG signal quality. To minimize the impedance mismatch, the 
difference between the electrode-skin impedance on every electrode must be reduced. 
Studies have shown that the amount of power-line noise on the electrode-skin 
mismatch impedance of 30kΩ can increase by 8% compared to the matched 
impedance condition (Ferree, Luu et al. 2001).   
The variations of electrode-skin impedance with time can be approximated by an 
exponentially decreasing function. These characteristics can be observed in both dry 
and wet electrodes (Geddes, Steinberg et al. 1973; Eggins 1993).  The electrode-skin 
impedance has to settle to its steady-state value in order to minimize the mismatch 
impedance problem and obtain consistent EEG quality throughout the recording. 
The electrode-skin impedance is the most important factor in the design of an EEG 
electrode, especially under the stringent clinical standard. The electrode-skin 
impedance of less than 10kΩ on each electrode site is required. However, studies have 
shown that the signal quality obtained from the electrode with electrode-skin 
impedance of 40kΩ is still acceptable given the advancement in signal processing and 
high amplifier input impedance (Ferree, Luu et al. 2001). 
Previous studies have intensively looked into minimizing the electrode-skin 
impedance for bio-potential, bio-impedance and electrical stimulation applications 
(McAdams, Jossinet et al. 1996). Researchers have found the main culprit for 
electrode-skin impedance lies on SC – a barrier for percutaneous absorption with low 
electrical conductivity (Yamamoto and Yamamoto 1977; Yamamoto, Yamamoto et 
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al. 1986). Tape stripping method that removes the SC has shown great reduction of 
electrode-skin impedance from several MΩ to less than 10kΩ (Yamamoto and 
Yamamoto 1976). The electrode-skin impedance has been found to be affected by 
skin preparation techniques, electrode contact area, electrolyte gel interface, 
penetration enhancers, amplitude of input signals, skin structures and etc. (McAdams, 
Jossinet et al. 1996).  
The EEG electrodes can be deployed and EEG recording can be started quickly 
without any skin preparation and waiting time is most desirable. To develop a fast 
deployable EEG electrode system, at least three challenges must be overcome. Firstly, 
the long preparation time issue must be addressed. No skin preparation is preferred 
with the application of the EEG electrode. Secondly, the factors that affect the time 
variant characteristics of electrode-skin impedance are still unclear. The study to 
shorten the time to reach the impedance steady-state value is yet to be carried out. 
Lastly, the developed electrode system must be able to perform as well as the 
conventional wet electrode system without compromising the signal quality.    
1.2 Objective 
The objective of this thesis is to provide the fundamental and comprehensive 
understanding of the factors concerned with the resistive bio-potential measurement. 
The factors cover most of the important time-variant characteristics of electrolyte 
electrode-skin impedance including the effects of different electrode-skin contact 
areas, variations of ionic diffusion routes of the skin, chemical enhancer and skin 
compression on the electrode-skin impedance.  
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The approach taken to achieve the objective in this work is to first identify and study 
the important factors that affect the time-variant characteristics of electrode-skin 
impedance. Thereafter, based on the understanding of these factors, a highly efficient 
novel EEG electrode system is designed, developed and validated. 
The research topic is divided into the following main steps: 
1) Identify the requirements and design considerations of a fast deployable EEG 
electrode. 
2) Study and model the effect of different electrode-skin surface areas on the 
time-variant characteristics of electrode-skin impedance. 
3) Study and model the effect of variations of ionic diffusion routes of the skin 
on the time-variant characteristics of electrode-skin impedance. 
4) Study the effects of chemical enhancers in the electrolyte gel on the time-
variant characteristics  of the electrode-skin impedance. 
5) Study the effect of skin compression on the electrode-skin impedance. 
6) Study the enhanced effect of skin compression with electrolyte gel. 
7) Study the scalp impedance distribution on the human scalp. 
8) Propose, design, develop and validate the novel fast deployable dry EEG 
electrode system. 
9) Propose, design, develop and evaluate the novel fast deployable micro-spike 
dry EEG electrode system. 
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1.3 Organization of the Thesis 
This thesis is organized as follows: 
Chapter 1 serves as an introduction to examine the need of an evolutional EEG 
electrode system that allows the EEG recordings to be commenced immediately after 
the electrode application and provides an overview of the past related work, followed 
by the description of the objectives of the present work. 
Chapter 2 provides the relevant background information on EEG basis, EEG 
electrode, current bio-potential electrode technology, and the detailed review of the 
past related work on the factors affecting the electrode-skin impedance. 
Chapter 3 describes the methodology used in this doctoral research, including the 
determining of the basic requirements and design considerations of the fast 
deployable EEG electrode, experimental set-ups and various fabrication methods used 
to develop the electrodes. 
Chapter 4 presents the proposed time-varying electrode-skin impedance model with a 
mathematical representation, and a model validation by the experimental results 
measured on body sites with variations of skin structure in relation to the ionic 
diffusion routes as well as different electrode-skin contact areas. 
Chapter 5 presents the enhanced effect of the ethanol and propylene glycol on the 
time-variant characteristics of electrode-skin impedance. 
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Chapter 6 presents the characteristics and enhanced effect of skin compression on the 
electrode-skin impedance  
Chapter 7 presents the principle and design of a novel impedance measurement 
electrode which utilizes the combined effect of skin compression and electrolyte gel 
as well as using the electrode to determine the scalp impedance distribution on the 
human scalp according to the 10-20 electrode placement system. 
Chapter 8 describes the principles for the development of the novel fast deployable 
dry EEG electrode system as well as the integrated mental fatigue screening system. 
The performance of the developed electrode system validated by 25-hour mental 
fatigue screening experiment is also presented. 
Chapter 9 describes the design principle and fabrication processes of the novel fast 
deployable micro-spike dry EEG electrode system. The parametric study and 
performance evaluation of the micro-spike electrode system are discussed. 
Chapter 10 concludes the thesis. 
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CHAPTER 2                                             
LITERATURE REVIEW 
2.1 EEG Basics 
2.1.1 Physiological Background of EEG 
Electroencephalogram (EEG) is the recording of electrical activities within the brain 
by placing electrodes on the scalp. As early as in 1875, brain activity measurements 
were carried out in animals (Caton, 1875) and later in 1929, the first EEG recordings 
on human were achieved by Berger (Berger 1929). EEG has become one of the major 
tools for the investigation of brain functionalities soon after it was invented.  
EEG mainly measures the aggregated potential field which is generated by post-
synaptic currents (Speckmann and Elger 1999). A synapse in the nervous system is a 
junction that allows neurons in the brain communicates with another cell. In the 
human brain, the number of synapses is around 1-5 quadrillion. These large amounts 
of synapses result in the formation of interconnected circuits by neurons in the central 
nervous system. Therefore, they become very important to all cognitive functions of 
the brain.  
Besides, the major sources of the EEG signals are the synapses. In a pre-synaptic 
axon, an action potential results in the neurotransmitters being released into the 
synapse. It is then followed by the diffusion of the neurotransmitters in the synaptic 
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cleft. During diffusion process, the neurotransmitters naturally bind to the receptors in 
the post-synaptic dendrite such that a flow of ions is triggered into or out of the 
dendrite. The flow of ions causes some compensatory currents in the extracellular 
space. These currents play an import role in the generation of the EEG signals.   
To measure the potential field which is generated by a single post-synaptic activation 
is generally impossible by using the scalp EEG measurement. The scalp EEG could 
be the representation for the aggregation of the large amount of synchronous neuronal 
activities in the brain. As a result, it is commonly to model those synchronous 
activities of a neuron cluster as the activation of a dipole source.  
2.1.2 Technological Background of EEG 
The recent development of electronics helps the evolution of EEG recording systems. 
In the times of Berger, only the research laboratory or some hospitals could use the 
cumbersome EEG recording system. Nowadays, the EEG recording system becomes 
more portable and being commonly used. In this section, both the hardware and 
procedural aspects are discussed. 
2.1.3 Hardware Aspect: Electrode 
Electrodes are typical tools for investigating in the electrical relationship between the 
input of the EEG recording system and the brain. Among various types of electrodes, 
the surface electrodes are most commonly used for scalp EEG recording.  Such 
electrodes are affixed to the skin area of interest with some conductive gel. Gel is the 
electrolyte which establishes an indirect contact between the electrode and the skin.  
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2.1.4 The International 10-20 System of Electrode Placement 
The commonly used electrode placement method adopts the international 10-20 
system method (Jasper 1958; Klem, Luders et al. 1999) for the EEG measurement. 
The 10-20 system consists of 21 electrodes. However, more electrodes can be 
accommodated into this system whenever it is necessary. This kind of electrode 
placement advantages others in terms of accurate placement on the same subject 
undergoing repeated measurements. In addition, it is capable of comparing EEG 
signals among different subjects.   
Nasion and inion are the two landmarks used for positioning of the EEG electrodes. 
Nasion is the point which is between the forehead and the nose, while inion is the 
lowest point of the skull from the back of the head.  The ‘10’ and ‘20’ represents that 
the surface distance between two adjacent electrodes are 10% or 20% accordingly of 
the total front-back or right-left surface distance of the skull. 
The nomenclature of the electrode sites is introduced here. For each electrode site, 
there is a letter to identify both its underlying brain functional lobe and its hemisphere 
location. Frontal, temporal, central, parietal and occipital lobes are represented by 
F,T,C,P and O respectively. In the case of electrodes on the right hemisphere, even 
numbers (2,4,6,8) are used whereas on the left hemisphere, odd numbers are used . In 
the case of electrodes in the midline between the two hemispheres, a letter ‘z’ is used 
instead of a number. It should be noted the letter ‘C’ is used only for identification 
purpose since in the brain anatomy, there is no central lobe.  




Figure 2-1 The international 10-20 system of electrode placement (Aguiar et al., 2000) 
 
2.1.5 EEG: Characteristics. 
The scalp EEG is the byproduct of brain functions which is used to indicate brain 
activities occurring. However, the brain does not perform any functions by using 
EEG. During signal processing, it is noted that the scalp EEG has the following 
characteristics that should be taken into account. Firstly, EEG is often contaminated 
by ECG and EMG artifacts which often cause EEG noisy. Secondly, EEG signal is 
not stationary as it always changes with respect to different physiological and 
psychological states of the brain. Thirdly, EEG is highly nonlinear.   
2.2 Bio-potential Electrode 
2.2.1 Electrode-electrolyte Interface 
Surface bio-potential electrodes can be used for non-invasively measuring the bio-
potential from such as brain (EEG), heart (ECG), muscle (EMG). The current flow in 
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the human body is established through ions movement through an electrolyte. The 
bio-potential electrode is an electrochemical transducer which is used to convert this 
ion movement into a flow of electrons. When a metal electrode is in contact with an 
electrolyte, ions of that metal have the tendency to enter the solution, and releasing 
electrons. Ions in the solution tend to combine with the metallic surface (Geddes 
1989). As a result, the electrical double layer is form at the electrode-electrolyte 
interface where the ions and electrons are arranged and distributed in a particular way 
similar to a capacitor. This model was proposed and explained by Helmholtz. The 
charge distribution at the metal surface is given in Figure 2-2. The differences in the 
ion concentration at the electrode surface and the electrolyte cause an electrical 
potential or half-cell potential to be developed. The half-cell potential is defined as the 
potential difference of a metal with respect to the hydrogen electrode. Nernst equation 





          (2-1)  
where  
 
E = electrode potential 
F = Faraday constant 
T = absolute temperature 
n = valence of ion involved 
C1 = Concentration of ions in the solution 
C2= Concentration of ions at the electrode surface 
 
      




Figure 2-2 The charge distribution at the electrode-electrolyte interface (Wijk van 
Brievingh 1988). 
 
2.2.2 Skin Anatomy and Electrical Properties  
The skin structure is layered with epidermis, dermis and hypodermis. These layers can 
vary differently on various body locations. For example, the outermost layer of the 
skin, which is the epidermis, has a thickness of 50µm and 100µm in the scalp and sole 
of the feet respectively. The SC (Stratum Corneum), which is the upper thin layer of 
the epidermis, usually has a thickness of 10 to 20µm. The skin, especially the 
epidermal layer, acts as a resistive medium as compared to other bodily tissues, which 
have comparatively negligible resistance (Yamamoto and Yamamoto 1976). 
The SC has to constantly renew its own SC cells in order to maintain a constant SC 
thickness to serve its function as a barrier to fluid. It is the most resistive region of the 
epidermal layer as the region underneath the SC is filled with electrolytic intercellular 
fluid. A good contact between the electrode and the electrolyte can be achieved 
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(Figure 2-3) if the SC layer is bypassed or removed. The alterations of the electrical 
properties of the SC layer can also be considered. 
 
Figure 2-3 Schematic diagram of the skin (Eggins, 1993). 
2.2.3 Electrolytes  
The skin is not flat as its surface is filled with micro-wrinkles, hair follicles and sweat 
pores. For bio-potential measurements, the electrolyte is usually applied as a medium 
in between the skin and electrode to maximize the effective surface area and prevent 
direct obstruction of hair underneath the electrode. The skin is a main barrier for 
percutaneous absorption and it has large impedance to current flow, due mainly by the 
outermost layer of the skin which is the SC. Removal of SC has found the skin 
resistance reduced greatly by a factor of 100 to 1000 times (Yamamoto and 
Yamamoto 1977; Geddes 1989) . 
The composition of the electrolyte is found to be contributed to the formation of 
junction potentials. The junction potential is formed due to the different in ion 
diffusion rates into the skin. Different diffusion rates of different ions are due to their 
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differences in mobility, such as sodium ions and chloride ions of sodium chloride to 
create an ionic concentration gradient and hence a potential gradient is formed. On the 
other hand, potassium ions have similar mobility to chloride ions. Therefore, KCl is 
preferable to NaCl for making a electrolyte gel or paste (Smith 1995).  
2.2.4 Skin Impedance 
In skin impedance measurements, the use of low-impedance electrodes means that the 
electrode impedance may be ignored as the skin impedance is the dominant 
impedance. The SC causes the largest impedance to current flow. The total skin 
impedance can be as high as 5MΩ.  
The skin impedance between the unprepared human skin and abraded skin with SC 
barrier layer removed can be very different when the electrolyte gel is used as a 
medium between the electrode and the skin.   
The skin is generally modeled as a parallel RC circuit as shown below (Figure 2-4): 
 
Figure 2-4 Simple equivalent RC circuit model of the electrode-electrolyte-skin interface 
(Mcadams 1989). 
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From Figure 2-4, an empirical 'constant phase angle' impedance ZCPA(E) can be used to 
represent the electrode-electrolyte in parallel with a resistance RCT, where 
( ) ( )CPA E eZ K j
        (2-2) 
ZCPA(E) is used primarily to account for the presence of the double layer capacitance 
distorted by specific adsorption and surface roughness effects (Mcadams 1989). The 
impedance of the electrolyte gel can be generally represented by a small resistance 
Rgel (Mcadams 1990). Some of the other components of the skin will be elaborated in 
the following sections. Emphasize will be placed on the epidermal region which 
consists of the SC layer.  
The differences in impedance between different electrodes and the variations in time 
are caused by various factors such as the electrode-skin contact area, where the 
impedance is inversely proportional to electrode area and the contact area is the area 
of skin covered by electrolyte gel (Yamamoto and Yamamoto 1976); Time of 
application where the variations can occur in time scales as short as by the order of 
seconds; Condition of the skin; Electrolyte composition, which includes the SC 
intercellular fluid.   
When all these factors are taken into account it is extremely difficult to predict the 
dynamics of the change in skin impedance.  
2.2.5 Types of Bio-potential Electrode 
The resistive bio-potential electrode system can be classified into several types, which 
are differentiating by the types of interface and whether skin preparation is carried 
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out. The skin preparation involved the cleaning up of the skin and removal of SC 
layer. 
Type 1: Electrode-electrolyte-skin interface (with skin preparation)  
This is a classical type which consists of electrodes that are made of Ag-AgCl, silver 
or gold material with conducting paste as the medium. Due to the use of electrolyte 
medium, firm contact between the electrode and the skin is not required. The 
reduction rate of the skin impedance is very high because the SC is removed by the 
skin preparation. 
Type 2: Electrode-electrolyte-skin interface (without skin preparation) 
This type of electrode system can be in the form of pre-gelled electrode or electrode 
cap that is mounted with Ag-AgCl electrodes, with conductive gel as the medium 
between the electrode and the skin. Due to the use of electrolyte medium, firm contact 
between the electrode and the skin is not required. The reduction rate of the skin 
impedance is expected to be slow. It depends on the diffusion rate of the electrolyte 
gel through the SC skin barrier. 
Type 3: Dry Electrode-skin interface penetrating through SC layer (without skin 
preparation) 
This type of electrode system can be in the form of micro-needle array which 
penetrate into the SC and establish the interface with the upper epidermis layer. An 
example of this type of electrode is ENOBIO® electrode which uses the Carbon 
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Nano-tube array on the flat and hairless skin surface. This type of electrode-skin 
interface required firm contact between the electrode and skin. The reduction rate of 
the skin impedance is expected to be very high due to bypass of the main electrical 
barrier – the SC (Ruffini, Dunne et al. 2006). The major drawback of this ENOBIO® 
is the electrode is only effective on the hairless skin. 
Type 4: Dry Electrode-skin interface (without skin preparation) 
This type of electrode system is normally used for large bio-potential measurement 
e.g. ECG, EOG (Geddes, Steinberg et al. 1973). This type of electrode-skin interface 
often requires large and firm physical contact. The reduction rate of the skin 
impedance is expected to be very slow and is of high inter-individual variability 
because it depends on the rate of insensible perspiration and hydration state of the 
skin. 
Other types of interface (without skin preparation): 
These types of bio-electrode make use of special conducting medium such as 
hydrogel (Mcadams, Lackermeier et al. 1994) and Nasicon (Gondran, Siebert et al. 
1995) to create electrical pathway between the metal electrode and the skin. Firm 
contact between the electrode and skin is required. The deformable hydrogel electrode 
can conform to the profile of the skin and it is comfortable to be used. The reduction 
rate of the skin impedance is dependent on the insensible perspiration and hydration 
level of the skin. 
 









2.3 Major Noises in Bio-potential Measurements 
There are a variety of noise sources related to bio-potential recordings. Some of these 
sources can be classified as Skin-electrolyte interface noise and the interference 
coupling noise (Webster 1998; Huigen 2002).  
2.3.1 Skin-electrolyte Interface Noise  
Skin-electrolyte interface noise is originating from unstable interfaces between the 
skin and electrolyte gel. One of these noises is half-cell noise which arises due to the 
dynamics of the charge density function in the process of gel diffusion into the skin. 
The other major source of interface noise is over-potential noise which is due to the 
accumulation of the charges when current flows across the electrode interface. These 
two noises are the culprits that induced the motion artifact in the gel-skin interface. 
The electrodes that bypassed the SC such as micro-spike electrode will have 
minimum of such noise. 
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2.3.2 Interference Coupling or Environment Noise  
2.3.2.1 Magnetic coupling 
In bio-potential measurements, multiple cables or leads are used and often forms a 
closed loop. The presence of an alternating magnetic field can cause an alternating 
inductive current to flow in the loop. By Faraday's law, an induced potential will 
developed in a conducting loop if oriented properly with respect to the field. For a 
simple loop of conducting wire, the potential induced across the end of the loop is 
equal to 
2MV fAB          (2-3)  
where f  is the frequency of the magnetic field, A is the loop area and B is the vector 
component of the 60 Hz magnetic field oriented perpendicular to the loop surface. 
The VM or magnetic induction noise in the bio-potential measurements is mainly due 
to the current loop, formed by the cables of measuring and reference electrode 
(Ferree, Luu et al. 2001). The simplest way to reduce interference due to inductive 
coupling is twisting of cable pairs (Bentley 1983). 
2.3.2.2 Electromagnetic Interference noise 
Electromagnetic interference noise is one of the most prominent noise elements to the 
bio-potential measurement. This interference noise is due to the presence of external 
electromagnetic fields which coupled to the subject’s body, through the electrode 
leads or the measurement equipments. The human body can be treated as a capacitor 
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which can be easily coupled to the source of electromagnetic fields such as power-
lines, electrical instruments and power generators.  
When electromagnetic field coupled to subject’s body as the capacitive coupling 
between such as power-lines and the users the electromagnetic interference is 
induced. As depicted in Figure 2-6, the displacement current due to this coupling 
could be as high as few hundreds nano-amperes and this will cause a common-mode 
voltage, VCM in the body. These voltages are of the order of 10–20mV, which is in 
the orders much larger than the EEG signals. However, for a matched impedance 
situation, the common-mode voltage will be cancelled by the amplifier. However, if 
the contact impedance is not equal, or when there is mismatch impedance, the 
potential difference due to VCM will be induced. Assuming two electrodes A and B are 
connected on a body at two positions, and Zα and Zβ are the skin impedance at these 
two points, if Zα ≠ Zβ, the impedance mismatch is Zα −Zβ. The potential difference 
between A and B due to the VCM can be express as,  
( ) /CM INV V V Z Z Z             (2-4) 
where ZIN is amplifier input impedance, For very large ZIN,  the interference noise 
voltage Vα −Vβ  will be reduced. For ΔV = Vα-Vβ and ΔZ = Zα −Zβ, the relationship 
can be rewritten as, 
/CM INV V Z Z           (2-5) 
Assuming ZIN = 300MΩ and VCM = 20mV, if keeping the noise below 1µV, the ΔZ 
has to be below 30kΩ.  
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On the other hand, the electromagnetic fields will also coupled with the electrode 
cables as shown in Figure 2-6, according to (Webster 1998), displacement current of 
6nA can be produced in a cable by 9m. The potential difference between these two 
cables caused by this current will then dependent on the impedance mismatch, ΔZ, 
and is: 
V I Z            (2-6) 
For example, a current of 6nA induces in the cable, with ΔZ = 30kΩ, the resultant ΔV 
will be equal to 240µV. 
 
Figure 2-6 Pathways for Interference noise due power-line and other electromagnetic 
field sources: (1) Magnetic induction noise due to electrode cable loop is illustrated. (2) 
Capacitive coupling between power-lines and the body and, (3) Capacitive coupling 
between power-lines and electrode cables. 
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2.4 Factors Affecting the Skin Impedance 
Small electrode size will cause the measured skin impedance to be higher than the 
large electrode and cause problems in some bio-potential measurements such as EEG. 
Large electrode size can give rise to large potential drops at the skin impedance, 
which may mask voltage changes within the SC region due to the electrical shunt 
effect. In addition, the presence of reactive skin impedances generates phase shifts 
which can cause inaccurate measurements (Taktak, Record et al. 1995). The mismatch 
of skin impedances can be responsible for significant errors that result in common 
mode voltages in impedance imaging systems (Smith 1990). Gersing et al, have 
shown that even impedance mismatches due to differences in the lengths of current 
pathways in an electrolyte tank can give rise to the appearance of positive phase 
angles (Gersing  E. 1995). Skin impedance can also be a source of noise, (Gondran, 
Siebert et al. 1995), and it has been shown that these may cause artefacts in bio-
potential measurements (Boone and Holder 1995). It is imperative that an impedance 
measurement system which can enable the use of small electrodes without incurring 
the drawback of increasing in the electrode-electrolyte skin impedances and reduction 
of the reactive component of this impedance be carefully designed. The use of small 
electrodes can also provide a high density EEG measurement with higher number of 
EEG electrodes used.  
It is therefore important to gain an understanding of the factors that influence the skin 
impedance so that its undesirable contribution in impedance measurement system can 
be reduced.  Some of the factors that affect the skin impedance are as follows: 1) Skin 
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impedance of electrode metal; 2) Electrode material 3) Electrolyte composition and 
concentration; 4) Skin site; 5) Skin abrasion; 6) Penetration enhancers; 8) Applied 
signal amplitude. Some of these factors will be discussed in detail in the following 
sections. 
2.4.1 Electrolyte-Skin Interface 
The SC is generally 10-15μm thick. On certain body sites it can be several hundred 
μm thick. Thickness will vary with the number of cell layers making up the SC and 
the state of hydration.  
The SC structure is made up of approximately 40% protein, 40% water and 20% lipid 
(H.W.Kelly 1985) components. The bulk of the SC structure is made up of many 
layers of compacted, flattened, non-nucleated dehydrated cells called corneocytes. 
They are filled with cross-linked keratin. The arrays of bi-laminar membranes, which 
have the morphological features of polar lipids that occupies the intercellular spaces 
between the corneocytes (Prausnitz, Bose et al. 1993). Ceramides, cholesterol and 
fatty acids are the primary constituents of these lipid bilayers. Hence, the SC structure 
can be modelled in a 'bricks' (corneocytes) and 'mortar' (lipid) configuration (Brown 
and Langer 1988).  
The layers below the epidermis are relatively aqueous environment as compared to 
the SC region. The transition from a non-conductive lipophilic membrane in the bulk 
SC, to an aqueous tissue, viable epidermis and dermis, gives rise to the skin's barrier 
properties. A lipophilic molecule may be able to diffuse into the SC lipids but not into 
the aqueous environment of the epidermis. On the other hand, a hydrophilic molecule 
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may not be even able to diffuse from the skin surface into SC lipids. Molecules that 
most easily permeate through the skin need to have both appreciable lipid and water 
solubilities. As the SC is relatively non-conductive, it presents high impedance to the 
flow of ionic current. However, due to the SC’s dielectric properties, it allows 
capacitive coupling between metal electrodes placed onto the skin surface, which is 
the top layer of the SC cells. An empirical 'constant phase angle' impedance ZCPA(S) 
can be used to represent the 'capacitive' properties of the SC. Some ions manage to 
pass through percutaneous pathways which traverse the SC via paracellular (in 
between adjacent SC cells) pathways and through the skin's appendages which 
include the hair follicles, sweat ducts, sebaceous glands and imperfections in the 
integrity of the skin (Christopher and Guy 1992). Generally, the average human skin 
surface of area 1cm2 is believed to contain between 40 and 70 hair follicles and 200 to 
250 sweat ducts (Chien 1987). The diameter of the sweat ducts ranges from 5 to 20 
μm. The ions can penetrate into the skin via these appendages at a faster rate than 
through the SC transcellular pathways. But, these appendages occupy only 
approximately 0.1% of the skin surface. Hence, they are regarded as relatively 
unimportant routes for the passive diffusion ions through the skin (Chien 1987; 
Christopher and Guy 1992). However, recent study by (Otberg, Richter et al. 2004) 
shows that the ratio of appendages to skin surface area is varied on different body 
sites. Body sites such as forehead may have 13% of appendages to skin surface ratio. 
As the skin impedance tends to be much greater than that of the electrode-electrolyte 
interface, the effects of certain parameters are only studied on skin impedance and 
their effects on the electrode-electrolyte interface are ignored. 
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2.4.2 Effect of Electrode Material 
The impedance of the SC is generally the largest component in the overall skin 
impedance (Mcadams and Jossinet 1991). There is a need for smaller electrodes in 
high demanding bio-potential recording applications such as EEG, where high 
electrical performance is essential. The electrical properties generally considered 
desirable for an electrode-electrolyte interface include: 1) low, stable offset potentials. 
2) low, matched interface impedances. 3) low polarisation (Mcadams 1990). Criterion 
1) and 2) depend mainly on the metal surface and the electrolyte, where the reactions 
take place at their interface. Criterion 2) also involves the impedance on the surface 
topography of the electrode (Mcadams 1989).  
The most suitable electrode material which can best satisfy the 3 benchmarks in 
fabrication of electrodes for biopotential measurements is the silver-silver chloride, 
Ag-AgCl. The potential of this electrode is determined by the activity (related to 
concentration) of the chloride ion, and hence the electrode potential is quite stable 
when the electrode is placed in contact with an electrolyte containing Chlorine ions as 
the principal anion (Mcadams and Jossinet 1992). Ag-AgCl electrodes tend to have 
low interface impedances due to the surface topography of the deposited layer 
(Mcadams and Jossinet 1992). 
For Ag-AgCl electrodes, it has relatively low values of ion transfer resistance. This 
means that it is quite non-polarizable, operating close to the equilibrium potentials. 
Materials which enable electrodes to behave as perfectly polarizable electrodes are 
noble metals (Mcadams and Jossinet 1992). Inert metals tend not to react chemically 
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with the surrounding electrolyte or tissue. Hence, the ion transfer resistances for such 
electrodes tend to be relatively large. The ion has difficulty in transferring across the 
interface. The noble electrode assumes an indeterminate potential with respect to the 
electrolyte which can drift randomly. Noble metals are therefore not commonly used 
in the fabrication of bio-potential monitoring electrode. 
2.4.3 Effect of Electrolyte 
Electrode gels allow stable electrical contact between the electrode and the skin, and 
to decrease the high SC impedance. There exist two main types of electrode gel. They 
are wet gels and hydrogels. The wet gel may be in the form of liquid of different 
viscosity level. High viscous gel is in the form of paste or cream. Standard electrode 
gels are usually composed of water, a thickening agent, a bactericide, fungicide, an 
ionic salt and a surfactant (Carim 1988). The ionic salt ensures the electrical 
conductivity of the gel. The major ions presented in bodily cells and fluids such as 
sweat are sodium, potassium and chloride ions. Hence, the most commonly used salt 
in electrode gels are NaC1 and KCl to ensure bio-compability.  
Generally, a relatively high concentration of electrolyte is used to decrease the value 
of the ion transfer resistance and to decrease the skin impedance. This effect renders 
the electrode more non-polarizable. However, biological tissues cannot tolerate 
exposure to salt concentrations which is very different from its physiological levels 
(0-9% NaC1 for body fluids, 0.1-0.4% NaC1 for human sweat) (Reilly 1992). Hence, 
aggressive gels (>>5% NaCl) are not encouraged. 
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The 'capacitive' properties of the SC can be represented by an empirical 'constant 
phase angle' impedance ZCPA(S) is given as: 
 ( ) ( )CPA s sZ K jw
         (2-7) 
These properties are closely related to the lipid-protein matrix. It is initially observed 
to drop rapidly in value following electrode application and then to remain relatively 
constant after some time (Mcadams and Jossinet 1991). A scenario can be made when 
a standard pre-gelled electrode is applied to the skin, the gel rapidly fills up the pores 
and wrinkles in the skin under the electrode, thus ensuring maximum effective contact 
area which is larger than the surface of the electrode itself, leading to rapid drop and 
stabilization after some time.  
KS is related to the electrolyte composition and concentration (Gatzke 1974) and it 
does not exhibit strong time dependence. The skin's parallel resistance RP is generally 
observed to decrease with time in a pseudo-exponential manner as the ions in the gel 
gradually diffuse through the skin and make it more conductive. The time constant for 
this decay appears to be inversely proportional to the concentration of the gel 
(Mcadams and Jossinet 1991). Also, the skin's capacitive component depends on the 
concentration and hence on the conductivity of the electrolyte (Gatzke 1974; Reilly 
1992) 
Hydrogel-based electrodes have become popular for numerous biomedical 
applications. Hydrogels are 'solid' gels which incorporate natural (e.g. karaya gum) or 
synthetic (e.g. polyvinyl pyrrolidone) hydrocolloids (Carim 1988). The use of such 
'solid' gels entails numerous advantages. For example, it is possible to construct thin, 
P a g e  | 31 
 
 
lightweight highly flexible electrode arrays with accurately defined electrode/gel 
areas, shapes and inter-electrode distances. The use of an adhesive hydrogel pad 
dispenses with the need for the standard gel-impregnated sponge, gel-retaining ring 
and surrounding disc of adhesive foam. Hydrogels tend also to cause less skin 
irritation than wet gels and standard adhesive backings. Hydrogels, being hydrophilic, 
are poor at hydrating the skin and may even absorb surface moisture. It is for this 
reason that hydrogels are now used for wound dressings to absorb exudates. As 
hydrogels tend to accommodate the skin surface's contours and irregularities, they are 
good at increasing the effective contact area between the electrode and the skin 
compared to dry electrode systems. With hydrogel (and metal plate) electrodes, RP is 
observed to fluctuate while KS remains relatively constant (Mcadams and Jossinet 
1991) .The variations in RP are largely dependent on sweat gland activity, with RP 
decreasing during increased activity and gradually increasing again as the hydrogel 
absorbs the excess surface moisture (Mcadams 1990; Mcadams, Lackermeier et al. 
1994). Values of RP and KS tend to be larger for hydrogels than for standard wet gels. 
Typical values of RP for hydrogel can be as high as 15MΩ cm2 and as high as 5MΩ 
cm2 for wet gels. One way of decreasing the value of KS is to use thinner hydrogel 
pads (Mcadams and Jossinet 1991). The SC and the hydrogel layers can be imagined 
forming the dielectric layer between the two conductive 'plates', i.e. the electrode and 
the underlying tissues. Reducing the thickness of the SC or the hydrogel layers will 
lead to an increase in the capacitance. The fact that hydrogel electrodes can be made 
and cut to whatever size or shape required is a major advantage which significantly 
compensates for their higher skin impedances. Many such electrodes can be placed 
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close together on a body site with little risk of electrical shorting between the 
electrodes, a major problem with wet electrodes. Hydrogels tend to be more resistive 
than standard wet gels. Typical resistivities for wet gels are in the order of 5-500Ω 
cm-1 (the higher the salt concentration, the lower the resistivity) compared to 800--
8000Ω cm-1 for hydrogels (the higher resistivity hydrogels tend to be used in cardiac 
pacing electrodes). Wet ECG electrodes have gel layer thicknesses of around 0.3cm 
and typical areas of 3cm2. The resistance of a wet gel layer is therefore generally in 
the range 0.5-50Ω. Although hydrogels have higher resistivities, this disadvantage 
may possibly be compensated for by the use of larger gel areas. It is interesting to 
note that gel layer thickness is a variable generally ignored in electrode design, even 
though it can have a significant effect on electrical performances. As many of the 
commercial hydrogels used in bio-potential monitoring electrodes have layer 
thicknesses of around only 1mm (compared to around 3mm for pre-gelled wet 
electrodes), it is therefore not surprising that the pad resistances can be so low.  
2.4.4 Effect of Inter- and Intra-individual Variations 
The skin impedance varies between people and body sites. The skin's resistance is 
dependent on hair follicles and sweat glands structures and density. These 
appendageal characteristics vary across different body sites. For example sweat 
glands density is approximately 370 per cm2 on the palms and soles, and 160 per cm2 
on the forearm (Reilly 1992). The diameter of the sweat ducts can is between 5 to 
20μm, which may also help explain the wide range in RP values. The capacitance of 
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the skin has a typical value in the range 0.02-0.06μFcm-2 (Edelberg 1971). Its value is 
related to the thickness and composition of the SC.  
Schmitt and Almasi (John, Almasi et al. 1970) have also found out that there is 
considerable daily variation in a given subject. Seasonal changes have also been 
found out to affect the skin impedance (Yamamoto and Yamamoto 1978). These 
variations may aid in the explanation of the discrepancies in literatures. The number 
of SC cell layers can vary from 12 to 30. SC thickness can therefore vary greatly for 
different body sites within the range of about 10μm to well over 100μm. The SC can 
be as thick as 400 to 600μm in the palm and plantar areas, for example, and as little as 
10 to 20μm on the back, legs and abdomen (Chien 1987). The palms of the hands and 
soles of the feet have the thickest SC, which is at least 10 times as thick as other body 
areas (Reilly 1992). The skin capacitance at these points is considerably smaller (i.e. 
KS is larger, refer to equation 2-2-8) than at other sites on the body. The presence of 
an increased density of sweat glands at these sites, however, can result in low values 
of RP depending on their activity. Lawler et al. observed that impedances tended to be 
highest on the palms. The impedance is also greater on both the dorsal forearm and 
arm, than on the ventral forearm and arm (Lawler, Davis et al. 1960). They therefore 
concluded that the impedance of normal skin is highest in areas with a thick SC. The 
SC thickness on the face and scalp is not as high, and the density of the hair follicles 
is not as low as compared to other body sites. These factors contribute to a low value 
of skin impedance. The forehead has the lowest skin impedance as compared to other 
body sites as reported by Grimnes (Grimnes 1983). It is difficult to determine from 
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the reports if this low impedance value is due to a small Ks value or a small value of 
RP or both. 
A slightly higher average value of skin impedance was reported by Lawler et al. for 
females compared to males, although it was concluded that the results were not 
statistically significant (Lawler, Davis et al. 1960). Although the basis of the male-
female difference was not clear, the trend in their data was undeniable. This may be 
due to the different epidermal cell size between male and female.  
2.4.5 Effect of Skin Preparation Technique  
The measurement of skin impedance on minute cuts on the skin surface can short-out 
the epidermal impedance, resulting in very low and stable skin impedances. The 
abrasion of the skin effectively removes a large proportion of impedance contributed 
by the SC layer. Skin stripping, one method of skin preparation techniques which 
involves the removal of SC layer, can result in a dramatic decrease in the skin 
impedance. This is due to the outermost layers of the SC being the most resistive. As 
a result, the most significant decreases in RP (Figure 2-4) are obtained with the first 
few strippings (Yamamoto and Yamamoto 1976). As mentioned earlier, SC can be 
assumed as a dielectric layer between the two conductive plates of a capacitor which 
include the electrode and the underlying tissues. Reducing the thickness of the SC will 
lead to an increase in the capacitance and a decrease in KS. Although the complete 
removal of the SC can contribute to desirable skin impedances, such a technique 
would be clinically unacceptable. The patient may experience discomfort during and 
after the experiment. In addition, the removal of SC will lead to the skin being 
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subsequently more susceptible to irritants. The level of irritation also varies the 
contents in the electrolyte gel such as the ionic salt concentration. Mild abrasion or 
stripping which does not totally remove the SC is more advisable. Such preparation 
decreases skin impedance without much pain, bleeding or irritation. Such mild 
abrasion will cause some decrease in RP and KS.  
Lawler reported that washing the skin will result in a decrease in resistance. This is 
attributed to the removal of poorly conducting lipid substances from the SC (Lawler, 
Davis et al. 1960). Some electrolyte penetrates more readily once a wet gel electrode 
is applied to the skin for several minutes. The penetration may depend on the 
properties or the constituents of the electrolyte. Accompanied by rapid rubbing, this 
preparation technique could result in low initial impedances due to the additional mild 
abrasion. High concentration electrolyte will aid in this preparation technique. This 
technique decreases both the RP and KS. Some preparation gels include abrasives such 
as crushed quartz.  This type of gel greatly reduces skin impedance when rubbed into 
the skin prior to electrode application.  
2.4.6 Effect of Chemical Penetration Enhancers 
The skin structure constraints the number of drugs that are appropriate for transdermal 
delivery. There have been some researches on methods to enhance the percutaneous 
penetration. One approach, by chemical means, to this problem is the use of 
'penetration enhancers'. A penetration enhancer is an agent which increases the 
permeability of the skin to a given species. The mechanisms by which penetration 
enhancers act on the drugs have been well discussed in literatures. The hydration of 
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the SC or the packing structure of the ordered lipids in the intercellular channels may 
be altered (Knepp, Hadgraft et al. 1987). In the use of more aggressive agents, the 
lipids may be destroyed or dissolved which compromise the barrier function of the 
skin. Water is the safest penetration enhancer due to its neutrality. Hydration of the 
SC causes the cells to swell and loosened in its tightly packed structure, thus 
rendering the SC more permeable (Kelly 1985). Skin hydration can be carried out by 
occluding the skin site for a period of time. This action causes the normal flux of 
water from the skin surface to accumulate under the occluding patch, which hydrates 
the skin. The hydration of the SC will decrease the magnitude of RP, but this method 
does not have much effect on the skin's capacitive properties (Foley, Corish et al. 
1992). A class of penetration enhancer commonly used in electrolytic gels is 
surfectants. Such surface active agents are adsorbed at water-oil interfaces as a result 
of their hydrophilic (or polar) groups and lipophilic (or nonpolar) groups. By 
orientation at a water-oil interface, the molecules of the surfectant facilitate the 
transition between polar and nonpolar phases. 
Researchers were concerned primarily with increasing the skin's permeability to 
various transdermally applied drugs. Some of them carried out skin impedance studies 
on the effects of some of the various penetration enhancers, and these studies are of 
particular interest. Foley et al. observed a dramatic decrease (by as much as 95% in RP 
following treatment of the skin site with DMSO (Foley, Corish et al. 1992). The 
capacitive element of the skin's impedance was also affected. The dramatic effect was 
only observed when DMSO comprised more than 70% of the applied DMSO/ water 
mixture, and no evidence could be found that the observed changes were reversible. 
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Nolan et al. found that skin treatment with a 1% solution of oleic acid in ethanol 
reduces RP was significantly. It is interesting to note, however, that an increased 
concentration of enhancer does not necessarily lead to a correspondingly increased 
change in the measured impedance. There can be an optimal concentration which is 
the most effective at reducing the barrier properties of the skin. In addition, although 
the use of a given penetration enhancer may increase the skin's permeability to certain 
drugs, it does not always follow that the skin's electrical impedance will be decreased. 
For example, Kontturi et al. found that dodecyl N,N-dimethylaminaocetate (DDAA) 
and Azone, although both are used to enhance the penetration of various drugs, gave 
rise to an increase in the value of RP (Kontturi, Murtomaki et al. 1993). Kontturi et al. 
attributed this to the blocking of aqueous pores and other hydrophilic channels by the 
enhancers. KS and RP were, however, observed to decrease and this was attributed to 
an increase in the heterogeneity of the skin surface due to the production of new 
transdermal penetration routes and to the increased disorder of the lipoidal matrix. 
Unfortunately, this interesting concept was not investigated further. 
The use of penetration enhancers and certain surfectants included in electrolyte gels 
for bio-potential monitoring electrodes (Carim 1988) can be further researched upon. 
The challenge lies in eliminating its sensitivity to skin. 
2.4.7 Effect of Applying Voltage 
The signal amplitude that is applied to the skin has been found to affect the skin 
impedance. The skin parallel resistance, RP leads to the non-linearity of the skin 
impedance (Oh, Leung et al. 1993). The relationship between direct current and direct 
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voltage may be exponential (Kasting 1991). This trend is also evident in electrode-
electrolyte interfaces and it is described by Butler-Volmer equation (Mcadams and 
Jossinet 1991). Skin impedance measurements carried out following the application of 
a DC signal to a reservoir of electrolyte showed RP decreases significantly (Kalia and 
Guy 1995). The exponential behaviour can be explained by the potential barrier which 
hinders the movement of ions across the electrode-skin interface. This can be 
modified in height by the interfacial potential difference. ZCPA(S) is relatively linear 
compared to RP, and it is often assumed constant (Oh, Leung et al. 1993). An applied 
electrical field may drive the ions through the skin far more effectively than the 
'passive' transdermal delivery. The motion of the ions across the skin depends on the 
strength of the electric field, the concentration ions in the electrolyte and SC, and their 
mobility (Phipps and Gyory 1992). The ion-electric field interaction or iontophoresis 
provides a force to drive the ions through the skin. Transdermal drug delivery, which 
involves the flow of current to increase the permeability of the skin and of electro-
osmosis to drive the bulk motion of solvent which carries the ions, is enhanced (Pikal 
2001). Since appendages constitute approximately only 0.1% of the surface area of 
the skin, the passive diffusion of ions through the skin by the skin's appendages play 
little part in the change in skin impedance. During iontophoretic transdermal delivery, 
on the other hand, the ionic current appears to seek out the channels of least resistance 
and is more concentrated at hair follicles, sweat glands etc. (Cullander 1992). The loss 
of skin resistance is thought to be attributable to (i) the reorientation of lipid 
molecules in hair follicles and sweat glands resulting in the enlargement of pre-
existing channels, (ii) the reorientation of lipids or keratin bundles in the bulk SC and 
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the formation of transient conduction channels and, (iii) an increase in the ion 
concentration in the resistive pathways (Kalia and Guy 1995). When a large electrical 
impulse is applied to the skin, its high electrical impedance is drastically reduced due 
to some form of 'breakdown' phenomenon. The breakdown can be associated with 
either RP (electroporation) or ZCPA(S) ('dielectric' breakdown).  
As this thesis aims to decrease the skin impedance to a low and stable value at the 
fastest possible time without any shunt effect, a method to actively decrease the skin's 
impedance rapidly prior to impedance measurement. This can be carried out by non-
invasive and physical means instead of iontophoresis - a method which makes the 
impedance measurement system more complex.  
  




RESEARCH APPROACH AND EXPERIMENTAL 
SETUPS 
In this chapter, two aspects of the research methodology have been described. The 
design considerations for fast deployable EEG electrode followed by the experimental 
setups, including the electrode fabrication methods used for this dissertation study 
will be discussed. 
3.1 Design Considerations and Challenges 
3.1.1 Desirable Requirements for Fast Deployable EEG Electrode 
Fast deployable EEG electrode is the novel dry electrode capable of taking EEG 
recordings within minutes that should have minimum preparation time and little 
waiting times for skin impedance to settle and at the same time does not compromise 
the quality of the EEG signal.  
The desirable requirements for the fast deployable EEG electrode design 
considerations are as follows: 
1) No skin preparation is needed 
2) No cleaning of electrolyte is needed 
3) Nominal skin impedance of less than 40kΩ  
4) Rapid reduction in skin impedance 
5) Compatible to majority of conventional EEG amplifier  
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6) Small in size, so that the electrode can be used for high dense electrode array 
( a normal cup electrodes’ size is around 10-12 mm diameter) 
7) Low cost 
8) Disposable 
3.1.2 Electrode Design Considerations 
Several design considerations and challenges in relation to the desirable requirements 
have been identified. They are as follows: 
3.1.2.1 Ease of Penetration through Hair 
Hairs obstruction is always a pain for EEG preparation and destructive to EEG signal 
quality. The variations of hair types such as difference in hair density and lengths will 
result in differences in EEG preparation times. Thicker, longer and curly hairs often 
required more attention during the EEG preparation process and this leads to longer 
preparation time. Moreover, the hair obstruction will result to uneven contact area 
between the electrode and scalp. This will result in unacceptable signal quality due to 
much higher skin impedance as well as prone to motion artifacts. 
Being one of most time consuming and troublesome processes, the ease of access to 
the measuring site on the subject’s scalp must be addressed in a fast deployable EEG 
system. In this study, through-hair EEG electrode designs have been proposed. The 
through-hair electrode has multiple small extruded probes from the sensor body. The 
sensor-skin interface is form at the tip of the probe. There are few designs that 
possessed similar function have been proposed in patents (Gevins, Durousseau et al. 
1990) and a multiple spring loaded ‘finger’ probes design has been used in a recently 
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reported on large active hybrid EEG sensor (Figure 3-1) (Estepp, Christensen et al. 
2009).  
 
Figure 3-1 Quasar Hybrid EEG active dry EEG sensors, with fingers probe design 
(Estepp, Christensen et al. 2009). 
 
3.1.2.2 Electrode-skin Contact Area 
The skin impedance is inversely proportional to the electrode-skin contact area as 
shown in chapter 2. An easy solution to greatly reduce the skin impedance for the bio-
potential measurement is to apply electrolyte on a large surface area (e.g. > 1cm2) or 
using a big electrode that has wider coverage area.  
Big electrode design will not be feasible for a high dense array EEG electrode system 
which is required for higher spatial resolution measurements. The big electrodes in 
this highly dense electrode array will increase the risk of electrolyte-bridge, due to 
limited space, which will result in the adverse electrical shunting effect between the 
different electrodes, causing the recorded EEG data to be unusable. 
For the through-hair electrode design mentioned in section 3.1.2.1, one of the design 
constraints will be small contact area. Spacing in between the probes will be wasted. 
For example, an evenly spaced three 3mm diameter extruded probes on a 10mm 
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diameter electrode has only a total of 21.21mm2 of contact area which translates to 
only 27% of the coverage of a 10mm diameter electrode. 
3.1.2.3 Low Skin Impedance 
Ideally, a fast deployable EEG electrode is capable of attaining very low skin 
impedance, at the same time, this low impedance value can be obtained instantly.  
According to classical EEG requirements for clinical application, skin impedance has 
to reduce to less than 10kΩ. This is the most stringent objective for a dry EEG 
electrode which required no skin preparation. Previous studies showed that the signal 
quality obtaining from the electrode with skin impedance of 40kΩ is still acceptable 
given the advanced in signal processing and high amplifier input impedance (Ferree, 
Luu et al. 2001). Hence in this study, the aim is to achieve nominal skin impedance of 
less than 40kΩ for each electrode. 
From the literatures, dry EEG electrode shows much slower rate to reach its steady 
state skin impedance than the gel electrode. However, the reduction rate of skin 
impedance in relation to other factors has not been extensively discussed and 
reported.  
3.1.3 Challenges 
In view of constraints for the proposed design, the challenge is to design a small 
electrode with capability of reducing skin impedance quickly. To overcome this 
challenge, there is a need to: 
1) Identify the factors and find out the extent these factors affect the reduction of 
skin impedance  
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2) Investigate of possible enhancement methods to accelerate the process that 
reduce the skin impedance is also carried out. 
3) Design and evaluation of the fast deployable EEG electrode system utilizing 
the findings 
3.2 Experimental Setups 
3.2.1 Skin impedance Measurements 
The experiments conducted for this thesis are based on two-electrode measurement. 
The contact impedance is dominated by the upper layers of the skin, namely the SC. 
Hence, to measure the skin impedance which is dominated by the SC region of the 
skin, which also includes the hair follicles and sweat glands, a frequency of around 
25Hz is set for all the experiments in this doctoral research. This low frequency is 
used because it is in the middle frequency range of common scalp EEG.  
3.2.1.1 Skin impedance measurement setup 
The measurements of skin impedance in this study were carried out by two different 
setups mainly to cater for the different range of measurements and portability 
concerns.  
3.2.1.1.1 Checktrode Impedance Tester 
The first set-up consists of a portable battery operated 1089 ES Checktrode (UFI, 
Morro Bay, CA, USA) electrode tester (Figure 3-2) connected to a PC which the 
readings can be collected by a self-developed LabVIEW (National Instruments, 
Austin, TX, USA) program. This set-up allows the simultaneous measurements with 
in-built selector switch. The major drawbacks of this tester are constraint to single 
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measurement frequency which is 25Hz and limited upper impedance measurement 
range of 199kΩ. 
 
Figure 3-2 Impedance meter for recording impedance and offset voltage readings, with 
sampling rate of 25Hz. 
 
3.2.1.1.2 Impedance Measurement Setup using Dynamic Signal Analyzer 
To study the skin impedance that is higher than 200kΩ, a self-designed impedance 
measurement system comprises of a 35670A Dynamic Signal Analyzer (Agilent, 
Santa Clara, CA, USA) that is capable of measures up to 5MΩ is used. The circuit 
diagram (fig 3-3) and descriptions for the set-up are as follows: 
 
The impedance measurement setup consists of a dynamic signal analyzer, which was 
used to measure skin impedance. It generates sinusoidal AC (at 7.071 p pV  ) signals 
that passed through the two electrodes (reference electrode (r) and measuring 
electrode (m)) via a series 390kΩ resistor. This resistor limits the maximum current of 
less than 20µA. Fixed frequency of 25Hz was maintained throughout the experiment. 
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The input impedance of the Dynamic Signal Analyzer can be represented by a parallel 
RC circuit which composed of a 1MΩ resistor and 9pF capacitor.  
In summary, the settings of the dynamic signal analyzer for data acquisition are as 
follows:  
1) Periodic chirp input signal (voltage source) 
2) Uniform sampling window (0% overlap) 
3) Source triggering 
4) Anti-aliasing filter 
5) Average of 10 impedance readings 
 
 
Figure 3-3 Schematic diagram of the experimental arrangement for the impedance 
measurement. 
 
3.2.1.2 Data Processing and System Validation 
The data were converted to skin impedance using MATLAB 7.1 (MathWorks, Natick, 
Massachusetts, U.S.A.) where the average potential difference readings were 
converted to skin impedance and plotted. 
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          (3-1)  
where the measured impedance value Z is the total impedance of parallel 
configuration of the skin impedance Zskin and input impedance of the dynamic signal 
analyzer Zin which is a parallel RC circuit shown in Figure 3-3, and Rs is the series 
resistor.  






           (3-2)  
Both calibration and validation tests were carried out before experiment, using resistor 
(RBOX-408) and capacitor (CBOX-406) decade boxes.  
3.2.2 Impedance-indentation Measurement 
 
Figure 3-4 Diagram of impedance-indentation measurement experimental Setups. 
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To study the influence of skin compression on skin impedance, a specially designed 
integrated impedance-indentation measurement set-up is developed. The diagram 
(Figure 3-4) and descriptions of the experimental set-up and apparatus are shown 
below: 
3.2.2.1 Indenter 
This indenter (Figure 3-5) was specially designed to execute uniaxial stepwise 
indentations. This indentation system composed of a load cell, a brass flat-tip 
indenter, which also serves as the measuring electrode, a linear guide and a stepper 
motor. The load cell, capable of measuring up to 10N, was mounted near the end of 
the cantilever together with the measuring electrode.  
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The load cell constantly provides load readings of the applied uniaxial forces (in 
grams) which were calibrated from direct readings of applied standard precision 
weights. The control of the indentation and load reading acquisition were done by a 
self-developed LabVIEW program. The indentation system for in-vivo experiments 
on human skin was designed and constructed with safety considerations. To ensure 
the subject’s safety, the indentation process will be automatically stopped once the 
load reading exceeds 10N.  
3.2.2.2 Stepper Motor Driver Circuit 
The stepper motor is controlled by driver circuit as shown in Figure 3-6. The unipolar 
stepper motor operates at a half-step mode. In particular, when the stepper motor is 
clocked once by a pulse signal, it rotates at certain angle which leads to a 30μm 
stepping movement either downward or upward.  
 
Figure 3-6 Schematic view of the stepper motor driver circuit. 
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The driver circuit requires a 5V and a 12V DC sources. A L297 stepper controller is 
used for the controlling of the steps. The experimenter could direct the stepper motor 
to move one step in either direction, clockwise or counter clockwise. There are two 
inputs corresponding to a direction input and a pulse input accordingly. In addition, 
discrete components of the driver circuit include a DS2003 darlington array, 4 units of 
1N4001 diodes and 2 units of 3.3kΩ resistors.   
3.2.3 EEG Experiments 
To validate the developed EEG electrodes, standard EEG experiments were 
conducted to on the subjects. The standard procedures including eyes closing and eyes 
opening were carried out to observe the alpha wave activation and suppression. 
3.2.3.1 Hardware and Software Environment 
The standard EEG were recorded using Medtronic PL-Winsor 2.35 EEG system with 
the standard EEG connectors, the electrode placement were according to the 
international 10-20 system (Jasper 1958). For comparison study, the wet electrodes 
used were single lead Ag-AgCl and gold-plated cup EEG electrodes attached to the 
scalp with electrolyte gel and waxy paste respectively. The wet electrodes were place 
next to the dry electrodes without electrolyte-bridge. The forehead ground was used 
for wet as well as novel dry electrodes. The dry EEG electrodes were soldered on the 
standard EEG connectors and the length of leads is one metre in length. 
 The EEG data were pre-filtered by the EEG system’s proprietary software through its 
integrated band-pass filter of 0.5 to 40 Hz. 




All subjects participated in this dissertation works were volunteers including female 
and male. Participants completed comprehensive written informed consent document 
prior to participating. All subject for EEG experiments and impedance testing on 
scalp had hair, varying in length from 5cm to greater than 15cm. 
3.2.4 Electrode Fabrication and Characterization 
The disposable micro-spike dry EEG electrode was fabricated using a series of 
fabrication methods. The various methods, under investigation and optimization, 
include vacuum casting, sputtering and electroless plating.  
3.2.4.1 CNC Micro-machining 
The master pattern of the micro-spike electrode was machined by Makino V22 low 
vibration, high speed spindle CNC machine. With Makino’s proprietary control, the 
V22 is capable of deliver high-accuracy and high speed machining. The material used 
for this study is the mold steel NAK80. And the smallest feature of the spike of 6µm 
radius tip is achieved at high accuracy.  
 
3.2.4.2 Vacuum Casting 
Vacuum Casting is a form of an indirect soft tooling process that duplicates the 
features of a master pattern through the use of a silicon rubber mold. The process uses 
vacuum to remove the trapped air that would otherwise affect the casting of the micro 
features as the liquid to be cast is poured and cured. This process is suitable for use as 
silicon having high chemical resistance does not react with the material of the master 
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pattern. Additionally, silicon, having properties of flexibility, enables the ease of 
removing the master pattern without significant damage to the mould.   
The master pattern of the micro-spike electrode was duplicated using the 4/01 
Vacuum Casting Machine from the MCP group of casting systems. Preparation for 
the process of vacuum casting included degreasing and cleaning with the use of the 








Figure 3-7 (a) Flow chart of vacuum casting; (b) Picture showing MCP Vacuum casting 
machine. 
 
A. Preparation of the Silicone Rubber Mould 
The silicone mould is produced through curing of the silicone rubber mixture. The 
silicone rubber mixture was prepared by mixing the liquid silicone rubber with an 
addition of a catalyst that amounted to 10% (weight) of the liquid silicone. This 
mixture was then poured onto a container where the electrode master pattern is held in 
place by an adhesive tape.  
A. Preparation of the 
Silicon Rubber Mould 
B. Vacuum Process of the 
Silicon Rubber Mould 
C. Curing of the 
Silicon Rubber Mould 




P a g e  | 53 
 
 
B. Vacuum Process of the Silicone Rubber Mould 
To remove the bubbles from the silicone rubber mixture that would affect the quality 
of the casting, it has to be added to the vacuum casting machine to be degassed. The 
degassing time would depend on the amount of air bubbles in the mixture. 
Experiments recorded the degassing times of 15-20 minutes on a 60ml silicone rubber 
mixture.  
C. Curing of the Silicone Rubber Mould  
Following the process of degassing, the container is moved to the oven where the 
mixture is cured at a temp of 70ºC for 3-4 hours. After the mixture is fully cured, the 
electrode master pattern has then to be removed through mechanical means.  
D. Casting of the Micro-spike Electrode 
There are various casting materials for use with the vacuum system. However 
polyurethane (PU) is used due to its mechanical properties and its availability for use 
for the experiment. The polyurethane resin used for this experiment was MCP 6230 
which consists of a two-part mixture. These two parts are mixed according to a 
carefully formulated mixture from the MCP group according to the ratio of 2:1. 
Mixing results in a milky white solution that is to be poured into the cured silicone 
rubber mould that was prepared. Degassing times for the PU amounts to 40-50 
minutes with the length of time justified by extra bubbles collated from the act of 
mixing and pouring of the mixture. The PU cast is then obtained through curing and 
removal by mechanical means.  
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3.2.4.3 Deposition of Gold or Silver by Magnetron Sputtering 
The vacuum cast plastic electrodes have gone through a gold sputtering process for 
the conductive coating purpose. The sputtering machine used in this work was Denton 
Discovery 18 system (Moorestown, NJ, USA). The plastic electrodes were firstly 
cleaned with isopropyl alcohol (IPA) with ultrasonic cleaning chamber for 10 
minutes. It is to remove the contamination on the surface in order to improve the 
surface adhesion with the gold coating.  The base pressure is approximately with 
210-6 torr. The gold coating was deposited with a power of 150W. The plastic 
electrodes were first deposited with a very long time (25 minutes) at room 
temperature. The thickness of the deposited film was measured by a profilometer. 
Then the deposited rate was obtained. Hence the thickness of the film in the later 
research was all controlled by the deposition time. After each deposition, the 
resistance of the coating was measure to ensure uniform and successful deposition. 
 
3.2.4.4 Electroless plating of silver on polyurethane (PU) surface 
Besides magnetron sputtering method, a layer of highly conductive layer can be 
deposited be means of chemical electroless deposition. An electroless plating method 
is favored in this case due to its high efficiency as well as the substrate material being 
a non-conductive polymer. Sliver, one of the highest electrical conductivity and is 
used as a plating constituent in the electroless bath. The deposited silver layer must:  
1) be relatively thin so as not to disrupt or deform the designed features but must be 
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thick enough to ensure conductivity; 2) possess sufficient adhesive strength to ensure 
smooth operation as electrodes; 3) possess low impedance and high conductivity.  
Taking a different approach from the commercial sliver plating processes, a non-
cyanide silver plating process was used. The pretreatment steps include the following: 
1) cleansing the polymer surface with ethanol to remove presence of grease and dirt 




3) chemically activating the surface through the occurrence of the exchange reaction 




The polymer surface was then immersed in an electroless plating bath consisting of 
two solutions. Solution A consists of silver nitrate 1.75g, water 30ml, sodium 
hydroxide 0.75g, ammonia solution of sufficient amount. Solution B consists of 
Glucose (C6H12O6) 2.25g, tartaric acid (C4H6O6) 2g, water 500ml and alcohol 50ml. 
The main complex formations are thought to be: 
2AgNO3 + 2NH4OH = Ag2O +2NH4NO3 +H2O 
Ag2O +4NH4OH = 2[Ag(NH3)2]OH +3H2O 
                                                         O 
polymer surface + SnCl3- + H20  polymer surface                Sn + 2H+ +3Cl- 
                             O 
                                O                                                                O                    Ag 
polymer surface                Sn2 + 2Ag+   polymer surface                 Sn4 
                                O                                                                O                    Ag 
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[Ag(NH3)2]OH +NH4NO3  [Ag(NH3)2]NO3 + NH4OH 
2[Ag(NH3)2]OH + C6H12O6 2Ag +4NH3 + C6H12O7+ H2O 
A layer of silver was then electroless deposited onto the polymer surface, i.e. 
polyurethane. With the manipulation of the deposition time, 5-8µm in thickness of the 
coating layer was deposited, exhibiting good conductivity and low impedance 
characteristics.  
3.2.4.5 Scanning electron microscopy 
The dimensions and surface topography of the silver or gold coated electrode were 
obtained and characterized by using the scanning electron microscopy (SEM) 
machine JEOL 5500 (JEOL Ltd., Tokyo Japan). The machine’s working mechanism 
is based on the low energies secondary electrons (SE) that are emitted from the 
conductive surface of the specimen when an electron beam emitted by the electron 
gun, with high energies within the range of 10-20keV, is scanned across a specimen 
surface as it passes through the microscope column. The application of either 
magnetic field or electric field is used to control the pathway of electron beams. 
 
3.2.4.6 Energy dispersive X-ray 
The material compositions on the surface of the electrode are measured using Energy 
Dispersive X-Ray (EDX). The EDX is a method used to determine the energy 
spectrum of X-ray radiation. As an attachment to the scanning electron microscope, 
the EDX used in this dissertation is operated on the JEOL 5500 SEM machine.
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CHAPTER 4 
STUDY OF TIME-VARIANT CHARACTERISTICS 
OF SKIN IMPEDANCE ON DIFFERENT BODY 
SITES AND SURFACE AREAS 
In the recording of the skin impedance for wet electrodes, the initial change of 
measured impedance upon the onset of electrode application displays an exponential  
decline (Eggins 1993). This can be explained by two coupling processes namely the 
wetting and diffusion process of electrolyte (Mcadams and Jossinet 1991). The 
characteristics of these two processes are dependent on the properties of the skin 
pertaining to percutaneous diffusion, which vary on different body sites. Currently, no 
detailed investigation has been made on the relationships between the time-variant 
characteristics, and the skin of body sites with different skin structure (e.g. hair 
follicle structures, appendageal density and number of SC layers, number of sweat 
ducts).  
In this chapter, the time variant characteristics of skin impedance on different body 
sites and surface areas are studied.  The aims of this study are to identify the major 
factors that affect 1) steady-state skin impedance value and 2) how fast it can reach 
the steady-state value with the standard electrolyte gel. A time varying electrical 
model of electrolyte-skin interface and its corresponding mathematical representations 
with dual processes exponential decay function have been proposed in this study. The 
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model is based on the differences in ionic diffusion rate of appendages and bulk SC. 
The low-frequency skin impedance on different body sites with anatomical structure 
differences and various electrolyte-skin contact areas were measured in vivo and 
analyzed qualitatively with the proposed models. Studies on the scarred skin and its 
adjacent normal skin show that the appendages play a bigger role in defining the 
decay of skin impedance than the SC. Body sites with higher appendageal density 
(e.g. forehead and neck), show much faster drop in skin impedance compared to the 
body sites with less appendageal density and thicker SC (e.g. volar forearm). The 
study on different electrolyte-skin contact areas also showed the larger the contact 
area, the faster the drop in skin impedance. The mathematical representations 
corresponding to the proposed model, together with the derived curve-fitted equations 
based on experimental results, are analyzed and validated.  
4.1 Introduction  
Researchers and medical professionals make use of wet electrode in recording of 
bioelectric events such as EEG, EMG and ECG. The electrolyte serves as the medium 
to decrease the high skin impedance. The major portion of ions present in tissue fluids 
and sweat are sodium (Na+), potassium (K+), and chloride (Cl-). In order to ensure 
bio-compatibility the ionic salts most commonly used in electrode gels are NaC1 and 
KCI (McAdams, Jossinet et al. 1996). The electrolyte-skin interface enables low and 
stable skin impedance to be achieved at a faster rate as compared to the other types of 
electrodes such as dry and capacitive electrodes. 
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The measured skin impedance change over time can be described by two coupled 
processes which are wetting and diffusion process. During the wetting process, the 
impedance will drop rapidly due to the rapid increase of electrode-skin contact area. It 
is known that upon the onset of electrolyte application, the gel starts to rapidly fill up 
the pores and the uneven surface of the skin, to reach the stable maximum effective 
contact area (Mcadams and Jossinet 1991). For the diffusion process, the drop in skin 
impedance over time will tend towards steady state value. The summation of these 
two processes will result in the decrease of skin’s resistance with time in a pseudo-
exponential manner as the ions in the gel gradually diffuse through the skin and make 
it more conductive. The time constant for this decay appears to be inversely 
proportional to the concentration of the gel (Mcadams and Jossinet 1991). The nature 
of these two processes may be dependent on the properties of the skin pertaining to 
percutaneous diffusion pathways, which vary on different body sites. Currently, no 
detailed investigation has been made on the relationships between the change in skin 
impedance over time, and the skin of body sites with different skin structure (e.g. hair 
follicle structures, appendageal density and number of SC layers). 
There are three possible percutaneous diffusion routes for ions, which include the 
pathway dominated by appendageal (through sweat duct and hairs follicles), and 
intercellular pathway around SC cells (Yoshida and Roberts 1992; Barry 2002) 
(Figure 4-1). Understanding of the role of each ionic conductive pathway on the skin 
impedance is essential in the field of research and development for bio-potential 
electrode. 




Figure 4-1 A diagrammatical representation of human skin: (a) appendageal pathway; 
(b) intercellular pathway (Yoshida and Roberts 1992). 
4.1.1 Effective Contact Surface Area  
In this study, the effect of the variations of skin structure on the skin impedance is 
investigated. The structure of the appendages, which includes the hair follicles and 
sweat glands, affects the effective contact area between the electrolyte and the skin. 
The effective contact area effS is defined as the total skin surface area which the 
electrolytic gel is in contact with, when the skin is completely wetted. It is always 
larger than the electrolyte exposed area on the skin 0S . The effective surface area effS  
depends on the roughness of the skin. The roughness of the skin is due to the highly 
organized micro-wrinkles on the skin surface, which can be observed by the scanning 
electron micrograph (Kligman, Zheng et al. 1985) as well as, the upper part of the 
appendages that is exposed at the skin surface. 





Figure 4-2 Cyanoarylate skin surface biopsy with infundibular cast and vellus hair 
(Otberg, Richter et al. 2004). 
The follicular infundibula surface area, the upper part of the hair follicle, is claimed to 
be the potential surface and entry for the penetration solute in fluid (Otberg, Richter et 
al. 2004).  In Otberg’s study, the infundibula surface area is calculated by measuring 
the curved surface of the follicular casts on the cyanoacrylate biopsy (Figure 4-2). 
Significant inter-body-site variations of the infundibula surface area were found. The 
largest infundibula surface area was found on the forehead with an average 13.7% of 
the total skin surface within the measurement region, and the smallest infundibula 
surface area was found on the forearm in accordance with the small hair follicles and 
the low hair follicle density. In another words, the effective contact area on the 
forehead is much larger than forearm.  
According to Yamamoto, the larger electrode-skin contact area, the lower skin 
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with the reported lowest skin impedance on the forehead and much higher skin 
impedance on the forearm (John J. Almasi M.E. 1970).  
Moreover, Otberg et al. (Otberg, Richter et al. 2004) have found the volume of 
follicular infundibula is five times less than the volume of the SC for the forehead, 
while that the volume of follicular infundibula  is 100 times less than the  volume of 
the SC for the forearm. The follicular infundibula volume can be treated as the fluid 
reservoir, the larger the reservoir the more solutes/ions can be stored. The summary of 
their results are shown in the Table 4-1, Figure 4-4 and 4-5. 
Hair follicle, with bigger pore size than the sweat glands, provides the largest increase 
in effective surface area, plays a more important role in percutaneous absorption as 
compared to bulk SC found in some reports (Illel, Schaefer et al. 1991; Hueber, 
Schaefer et al. 1994). A study found the steady-state flux and the total diffusion in 
normal skin were fivefold higher than the skin without follicles and sweat glands 
regrown dorsally on the hairless rat (Illel and Schaefer 1988). This may mean that hair 
follicles and appendages with higher diffusion rate than the SC (Barry 2002) play a 
bigger role in dictating the change of skin impedance over time when electrolyte is 
introduced on the skin.  
4.1.2 Percutaneous Pathways and Ionic Flow 
Skin is traversed by hair follicles and sweat glands, which may act as ionic shunts. 
The other parts of the skin can be known as bulk SC. An electrical potential applied 
across the skin will result to ionic flow along the path of lowest electrical resistance. 
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Christopher and his colleague (Christopher and Guy 1992) found out that 
iontophoretic currents flowing along the skin were primarily appendageal as shown in 
Figure 4-3. 
 
Figure 4-3 Surface current flowing along the skin (Christopher and Guy 1992).  
This implies that the hair follicles give rise to easy paths to the ionic current than the 
bulk SC. If treated the bulk SC and appendages as separate conductors, the impedance 
of appendageal may fall more rapidly due to better diffusion of ions.   
4.1.3 Motivations of Study 
The main interest in this study includes investigating the time-variant characteristics 
of skin impedance at different body sites and with different electrolyte-skin contact 
surface areas respectively. Four parameters in relation at different body sites that may 
influence the skin impedance have been identified. They are the SC thickness, 
appendageal density, total surface and volume of the follicular infundibula. Firstly, a 
comparison study between the hairless scarred skin and the adjacent normal skin is 
conducted to identify the role of appendages in the skin impedance. Two other 
comparison studies are then carried out which involve the skin impedance 
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measurement among the body sites with anatomical differences, and the different 
electrolyte-skin contact areas. Qualitative investigation was carried out corresponding 
with the findings and results of the four parameters from other reports.  
Table 4-1 Review of number of SC layers and density of appendageal components on 
different body sites.  
Body Site No. of SC layers 
Hair follicle Density 
(follicles/cm2 ) 
Sweat ducts (mean 
no./cm2 ± S.E.) 
Appendages (mean 
no./cm2 ± S.E.) 
Volar 
Forearm 
16±4 95±15  225±25  320±25  
Flexor 
Upper Arm 
14 45±10  150±20             195±20  
Neck 10±2 300±15  375±55 420±100  





(Otberg, Richter et 
al. 2004) (Szabo 1967) (Szabo 1967) 
The main objective of this study is to identify the role of ionic diffusion pathways on 
different body sites in defining the change in skin impedance over time. Variations of 
skin structure that influence the ionic diffusion pathways on different body sites has 
been analyzed qualitatively with experimental skin impedance data. 
A hypothesis that skin impedance decay over time is due to the electrolyte diffuses via 
multiple diffusion routes simultaneously at different rates is proposed in this study. 
Corresponding to this hypothesis, a time varying electrical model of electrolyte-skin 
interface and its corresponding mathematical representations with exponential decay 
function with multiple processes involved are presented and analyzed with the 
experimental results.  
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These model and results would then lead to optimize the design of bio-potential 
electrode with fast settling time. The skin impedance is determined experimentally 
and analyzed theoretically with reference to the electrical electrolyte-skin interface 
model and its corresponding mathematical representations.   
 
Figure 4-4  Volume of the follicular infundibula per square centimeter skin on seven 




Figure 4-5 Surface of the follicular infundibula per square centimeter skin on seven 
body sites (Otberg, Richter et al. 2004). 
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4.2 Methods of Analysis 
4.2.1 Theoretical Analysis of Skin Resistance with Ionic Diffusion Physical Model  
The change of skin resistance over time can be numerically explained by a simplified 
ionic diffusion physical model – Fick's second law which predicts how diffusion 
causes the concentration to change with time is used. As the ion concentration in a 
material determines its conductivity, the change of ion concentration in the resistive 
pathway of the skin due to diffusion can be modeled. 
The Fick’s second law is as follows: 
2
2
( , ) ( , )n x t n x tD
t x
           (4-1)  
A simple case to determine the ion concentration in the skin compartment with SC 
thickness L (modeled as a cylindrical volume) is by using a semi-infinite body 
assumption to describe the ion diffusion from the skin surface at position x = 0 into 
underneath layers at time t in one dimension (taken as the x-axis), this assumption is 
based on four points, 1) diffusion on the superficial layer of the skin is homogeneous 
in normal direction (x-axis), 2) the thickness of the whole skin is much larger than 
that of the superficial layer, 3) the initial ion concentration ( ,0)n x  of the skin is 
uniform ,and 4) 0n n  where the ion concentration of the gel is much larger than 
the initial ion concentration of the skin. (Figure 4-6) 




Figure 4-6 Simplified model of one-dimensional ion diffusion across the skin, L is the SC 
thickness. 
The spatial-temporal concentration of ion through the skin is further derived from the 
Fick’s second law (4-1) with the fixed boundary and initial conditions. It is shown as 
follow:          
( , ) (0) ( )
2
xn x t n erfc
Dt
                (4-2) 
where ( , )n x t is the ion concentration of the electrolyte in one dimension which is a 
function of the position from the surface of skin, x, and time for diffusion of 
electrolyte, t. D is a diffusion coefficient and is related to the skin properties. √ࡰ࢚  is 
the diffusion length of the electrolyte.  
With integral of (4-2), the total number of ions diffuses over a length L at time t in a 
cylindrical volume can be expressed as, 
0
( ) (0) ( )
2
L xn t n erfc dx
Dt
                                        (4-3) 
Hence, the average concentration of ions ( )n t  in the cylindrical volume at time t is 











             (4-4) 
Since the conductivity 1   of an unsaturated NaCl solution is found to be linearly 
proportional to its ion concentration ( )n t   (Figure 4-7).   
LR
A
             (4-5) 
Combining with Ohm’s law (4-5), the dynamic change of total resistance in a 












       (4-6) 
To illustrate the relationship above, graphical simulations results are shown in Figure 
4-8. The parameters of the illustrated simulations are as follows: (resistivity at t= 0s) 
0 = 2M m  ; n(0)= 5.6000e-006g/l ; dimension of cylindrical volume: r = 2.5mm 
and L = 40µm. D1 and D2 representing two cylindrical mediums (e.g. representing 
the skin) with different ionic diffusion coefficients, are simulated.  
 




Figure 4-7 Relationship between conductivity and ion concentration of NaCl. 
Simulation in Figure 4-8 shows that the decay process is tuned by the diffusion 
coefficient through the pathway. A rapid decay of the resistance as the concentration 
gradient of ion in the cylindrical volume is large at the beginning. As the 
concentration gradient becomes smaller when times go by, the decay in skin 
resistance decreases and tends to a steady-state value. When diffusion coefficient is 
smaller, the resistance of the cylindrical medium needs longer time to reach its steady 
state value. 
The derivation of Fick’s second law here is used to discuss the physical relationships 
between skin resistance, resistivity and concentration of ions during the diffusion 
process, where the bulk skin composite at different body sites have varying 
diffusivity, depending on the composition of the skin constituents. As the skin is a 
complex structure, and although the temporal trend of impedance can use two 
distinguished processes: wetting and diffusion (Mcadams and Jossinet 1991). to 
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describe, these processes are not absolutely separate and decoupled, the impedance 
change over time is better approximated by an exponential decaying function, which 
is described as mathematical representations corresponding to the electrical model of 
electrolyte-skin interface.  
  
Figure 4-8  Simulation results 1-D skin diffusion model with different diffusion 
coefficients D. 
 
4.2.2 The Time-variant Electrical Model for Skin Impedance with Consideration 
of Skin Structure 
The study of change in skin impedance over time when measured by the electrolyte-
filled EEG cup Ag-AgCl electrodes is confined within a circular region of skin 
underneath the electrolyte-skin interface which consists of bulk SC and the 
appendages. The skin impedance is measured at a frequency of 25Hz.  



















Simulation Results of Resistance Time Variation 
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The changes in phase angle during the course of the experiments were varied between
3  , which is in the range of experimental error. Hence, it is assumed that the 
resistive component of the electrical skin model contributes largely to the skin 
impedance change at the low frequency. This assumption coincides with the findings 
of Yamamoto and Yamamoto (Yamamoto and Yamamoto 1976). They found that the 
tape stripping of the SC had little influence on the parallel capacitance of the skin. 
The SC plays only a minor role in the total skin capacitance, as the skin capacitance is 
dominated by deeper tissues. 
For this study, a time-varying electrical model for electrolyte-skin interface is 
proposed. The presentation of the model is shown in Figure 4-9. The model is built 
based on the assumption that the SC bulk composite when introduced with electrolyte 
is composed by two time-varying resistors, represented by the SC bulk and the 
appendages. The resistance value obeys the Ohm’s law where the resistance value is 
inversely proportional to effective surface area. The two time-varying resistors are 
modeled differently, the SC bulk is analogous to a wall for diffusion and model as 
‘bricks and mortar’ with the corneocytes representing the bricks and lipid being the 
mortar (Elias 1983). The diffusivity of ions into the SC bulks is small and slow 
compared to another time-varying component – the appendages. The appendages can 
serve as low resistance and shunt pathways for ingress of ionic or non-ionic 
permeants that do not readily transverse the SC bulk (Rosen 2005). The time-varying 
function of each component is dependent on effective diffusion coefficients of the 
ions into each of the components. The diffusion of ions into each component will lead 
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to an increase in conductivity of that component as the ionic conductivity increases 
linearly with ionic concentration.   
For simplicity, this model assumes the thickness of the SC, appendageal density and 
anatomical structure of the SC bulk composite are homogeneous throughout the 
measurement site.  
 
Figure 4-9 Time-varying electrical model of electrolyte-skin interface. 
The time-varying electrical model of electrolyte-skin interface is shown in Figure 4-8, 
where the equivalent impedance of the SC bulk and appendageal diffusion pathways 
can be represented by SZ  and AZ  respectively. The skin appendages extend through 
the bulk SC barrier. However, it’s worth noting that this simplified electrical circuit 
can be more complex as the appendages are made up of the sweat glands and hair 
follicles with different structural characteristics.  
Furthermore, the two appendageal components may have different diffusion 
properties. This equivalent electrical model of the skin in Figure 4-9 has two electric 
current pathways which represent the SC ( SZ ) and skin appendages ( AZ ) between 




P a g e  | 73 
 
 
the reference and measuring electrodes. This can be illustrated in equation 4-7. 
11 1( ) S AT
S A S A
Z ZZ
Z Z Z Z
                (4-7) 
where TZ is the total skin impedance. Assuming the impedance values for the SC and 
appendages are exponentially decaying so the total skin impedance is also 
exponentially decaying.  
Figure 4-10 displayed the simulation results of the equivalent impedance over time of 
the two components (the SC and appendageal diffusion pathways) for the time-
varying electrical model by using the simplified one-dimensional diffusion model 
with sc appD D  , assuming 1 SCD D  and 2 appD D .  
 
Figure 4-10 Simulation results of the simplified 1-D skin diffusion model for two 
components with different diffusion coefficients D1 and D2, and their equivalent 
resistance.  
























parallel connection of two 1-D model
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4.2.3 Experimental and Curve Fitted Mathematical Representations 




T TZ t Z e C
          (4-8) 
where 0Z  is a constant related to the initial skin impedance, T is the total skin decay 
constant and TC  is  the skin impedance close to steady state.  
In the curve fitting process, the least-mean-squared minimization method with excel 
solver was used to extract the parameters of the experimental skin impedance readings 
over time. With the passage of time, the rate of change in skin impedance can be 
illustrated by the derivation of TZ function from equation 4-8. 
This mathematical representation described the measured skin impedance as a 
function with dual decay processes, where each component contributing to the total 
skin impedance has its own decay constant. Hence, the rate of change of skin 
impedance is expressed as: 
 
( )T T T T S T A T S A
dZ Z Z Z Z
dt
         
          (4-9)  
where the two decay constants ( S  and A ) represent the two different decaying 
processes due to the different diffusivity of the electrolyte into the SC and appendages 
pathways respectively.  
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To find out the relationship between the ratio of the SC and appendages decay 
constants and impedance, firstly, compare the equations 4-7, 4-8 and 4-9 to get 
2




dZ Z Z e C
dt Z Z
                  (4-10) 
and  
2




ZdZ Z e C
dt Z Z
          (4-11) 








          (4-12) 
Finally, applying differentiation and integration methods to remove dZ from equation 






           (4-13) 
To derive the SC and appendages functions against time, the equation 4-7 can be 
manipulated and substitute equation 4-13 to resolve the total impedance into the two 
components. And finally, 
0 0( ).( 1) ( ).( 1) ( ).( )T T
t tA A T
S t T T
S S S
Z Z t Z e C Z e C     
       
     (4-14) 
0 0( ).( 1) ( ).( 1) ( ).( )T T
t tS S T
A T T T
A A A
Z Z t Z e C Z e C     
       
   (4-15) 
A detailed derivation of the mathematical model is shown in Appendix A. 
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This model portrays the two distinctive components which may contribute to a 
significant change in impedance. As mentioned earlier, the previous studies found the 
diffusion rate of ions through the appendages is much higher than the SC, hence 
translates to A  >>  S  in a unit area as shown in the theoretical model described in 
the section 4.2.1. This implied that for a unit area, the appendages impedance falls 
faster than the SC impedance in this model due to its higher diffusion rate. 
The change in skin impedance can be viewed as the change in resistivity due to the 
continuous change in diffusion state of the SC volume as described in section 4.2.1. 
The higher diffusivity, D, in a particular percutaneous pathway in the skin will lead to 
larger  , which describes the rate of impedance to reach its steady state. With 
reference to equation 4-8, in the case of large difference between two components, for 
example, if component A has much lower impedance compared to the component B, 
the impedance change in B will not posed significant influence in the resultant 
impedance change over time. 
4.3 Experiments for the Measurement of Skin Impedance 
4.3.1 Overview 
Experiments were carried out in vivo using a two-electrode measuring system 
consisting of Ag-AgCl EEG cup electrodes filled with standard electrolyte gel for the 
measurement of skin impedance. Seven healthy volunteers were recruited for the 
experiments. The measurements were carried out simultaneously on each subject to 
eliminate skin impedance variations due to others factors such daily activities, skin 
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condition variations, emotions and etc. (John, Almasi et al. 1970). Three separate 
experimental studies were carried out to investigate the skin impedance change with 
time to the variations of skin structure: 1) Comparison of measurements on scarred 
skin which without the appendages, and adjacent normal skin, with fixed electrolyte-
skin contact area with a diameter of 5mm. 2) Comparison of measurements between 
the skin impedance on different electrode contact surface areas. 3) Comparison of 
measurements on different body sites with fixed electrode-skin contact surface area.  
4.3.2 Materials and Methods 
The skin impedance is measured by the impedance set-up using the 35670A Dynamic 
Signal Analyzer (Agilent, Santa Clara, CA, USA) (refer to chapter 3, section 3.2.1.2). 
The data analysis were performed using Microsoft Excel and MATLAB, where the 
average potential difference readings were converted to skin impedance and plotted 
with the respective time. 
In this study, Insulated double-sided adhesive tapes with holes of varying diameters of 
5mm, 6mm, 7mm and 8mm were used to confine the electrode-skin contact surface 
area.  
The insulated double-sided adhesive tapes were first paste on all measuring sites. The 
cup-electrodes with diameter sizes of 10mm were then adhered on the other side of 
the tapes. All the electrodes were connected to a selector switch box which allows the 
experimenter to switch over to the selected electrode for impedance measurements. 
The experiments were commenced with one of the electrode by injecting the standard 
P a g e  | 78 
 
 
EEG electrolyte gel (OneStep Clear Gel). And the impedance value was recorded, a 
more frequent measurement was taken in the first 10 minutes followed by longer 
interval time and total of 1 hour of measurement data were recorded and plotted. After 
10 minutes, the next measurement on next electrode will commence by switching the 
selector switch. This procedure was then carried on with the other electrodes.   
The experimental impedance-time readings were curve fitted by using the least-mean-
squared minimization method with the mathematical equation 4-6 using Excel Solver 
and the parameters of the experimental curve were derived for analysis.   
4.3.3 Variations of Experiment Studies 
In the first experimental study, two subjects with recovered scarred skin were 
recruited. The chosen scarred area for measurement is at least 5mm2 in size. The skin 
impedance over 1-hour on the scarred skin and the adjacent normal skin were 
measured and compared. The contact area, 0S  of measurement is confined within a 
diameter of 5mm hole on an insulated double-sided adhesive tape.  
The measurement site for the normal tissue was 2cm to the left of the scar tissue for 
both the knee and the thigh (Figures 4-11 (a) and (b)). The insulated adhesive tapes 
also prevented the formation of unwanted conductive bridges caused by any 
unintended gel smearing. The body site was cleaned with distilled water and left to 
dry for half an hour before the experiment was carried out.  
For the second type of experiment where 4 measuring electrodes were placed on the 
double-sided adhesive tape with a standard 5mm opening on different body sites as 
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shown in Figure 4-12, the reference electrode was placed on the reference 2 position 
of the test subject. The body sites in this study are volar forearm, flexor upper arm, 
side of the neck and forehead.  
The third experiment was similar to the second experiment, but 4 measuring EEG cup 
electrodes were placed on top of the insulated adhesive double-sided tapes with holes 
of varying diameters (4mm, 5mm, 6mm and 8mm) on a specific body site. 
Before any of the experiment was carried out, SC on the middle of the subject’s 
forehead and the left volar forearm were removed by scrubbing using a skin 
preparation gel (Nihon Kohden Skin Pure). Two electrodes were placed on the two 
regions. The measured impedance was ensured to be less than 5 k , which was 
considered negligible as compared with the skin impedance that was measured. This 
was to ensure that the absorbance of the electrolyte by the skin underneath the 
reference electrode did not contribute significantly to the change in skin impedance 
over time. The reference electrode was positioned far from the measurement sites to 
minimize any errors caused by factors that were related to the distance between the 
electrodes (reference and measuring electrodes) that might contribute to the change in 
impedance measurement.  




Figure 4-11 Scarred skin a) on knee recovered from anterior cruciate ligament surgery 
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4.4 Results and Discussions  
4.4.1 Scarred Skin and Normal Skin  
To validate the derived mathematical equations for the simplified skin electrical 
model, an experiment to measure the skin impedance over time simultaneously on the 
scar skin and the adjacent normal skin on the same body region is conducted. The 
main difference between normal and scarred skin is the absence of hair follicle and 
sweat duct. This also implies the effective surface area ratio, defined as  eff 0/SS  is 
much smaller in the scarred skin, as compared with the normal skin. It was found that 
the diffusion is significantly higher in normal skin than in scar skin (Hueber, Schaefer 
et al. 1994). Thus, by comparing the skim impedance measured on the scarred skin 
and the normal skin, the significance of the appendage’s role in the change in skin 
impedance can be distinguished.  
Figures 4-12 and 4-14 show the variation of skin impedance,  TZ  as a function of time 
at 25Hz for both the scarred and normal skin on the knee and thigh of two different 
subjects. The scarred skin can be modelled as a single resistor, where the skin 
impedance is only contributed by the bulk SC. The normal skin is modeled as the two 
equivalent resistors in the parallel configuration, which was discussed in section 4.2.2. 
In the first few minutes of the experiment, the rapid fall in both skin impedances are 
due to the natural wetting of the electrolyte gel on the rough skin surface to create a 
homogeneous electrolyte-skin contact surface area. As the proposed model suggests, 
the larger effective surface area will translate to the lower total skin impedance. 
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Assuming the wetting process on the skin is short and identical on these two 
measurement sites, the normal skin with the presence of the infundibular follicular 
surface and sweat pore will lead to much larger effective surface area ratio  eff 0/SS  and 
hence, result in smaller skin impedance. 
Both the Figures 4-13 and 4-14 show similar trends, the fall in impedance for the 
normal skin is faster than in scarred skin. The skin impedance for the scarred skin is 
generally higher than the normal skin during the one hour duration of the experiment. 
For the normal skin, the faster diffusion of the electrolyte into the appendages (Illel, 
Schaefer et al. 1991) results to a rapid fall in impedance. As the results showed 
clearly, the settling time for normal tissue is earlier than scarred tissue as shown from 
the Figures 4-13 and 4-14 which means that A  larger than S . Also, with presence of 
the appendages, the ions accumulate in the diffusion space and hence results in lower 







Figure 4-13 Variation of skin impedance (25Hz) with time (1 hour time period) for 
scarred skin (knee) and normal skin (knee) with a fixed electrode-skin contact surface 
area of diameter 5mm. 
Z (scar) = 3048 exp (-0.001968*t) +2225 
Z (normal) = 3875exp (-0.0.006194*t) +316 




Figure 4-14 Variation of skin impedance (25Hz) with time (1 hour time period) for 
scarred skin (thigh) and normal skin (thigh) with a fixed electrode-skin contact surface 
area of diameter 5mm. 
 
4.4.2 Variation of Body Site 
 
 
Figure 4-15 Variation of skin impedance with time (1 hour time period) for different 
body sites with a fixed electrolyte-skin contact surface area with diameter of 5mm 





















Volar Forearm (Fitted Curve)
Flexor Upperarm (Fitted Curve)
Neck (Fitted Curve)
Forehead (Fitted Curve)
Z (scar) = 2883 exp (-0.001678*t) +1386 
Z (normal) = 3085 exp (-0.006417*t) +418 
Z5mm_Forearm=2314.454e-0.001165t +355.748;  
Z5mm_Upperarm=1873.800e-0.001307t +237.467; 
Z5mm_Neck=1063.817e-0.003804t + 99.090;  
Z5mm_Forehead=666.686e-0.009581t +40.101  




Figure 4-16 Variation of skin impedance with time (1 hour time period) for different 
body sites with a fixed electrolyte-skin contact surface area with diameter of 5mm 
(25Hz).  [Subject 2]. 
It can be seen from these figures that the skin impedance decreases as a function of 
the time which satisfies the exponential decaying law. Based on the analysis with the 
scar skin in the section 4.4.1, without any other external disturbance during the course 
of the experiment, the fall in impedance could be mainly attributed to electrolyte 
penetration into the appendages. This explanation is in agreement with Gondran 
(Gondran, Siebert et al. 1995) who mentioned that there is ionic shunt, where the 
electrolyte penetrates relatively quicker into the pores of the hair follicles, which 
become more conductive.  
From Figures 4-15 and 4-16 referring to Table 4-1, the forehead has the lowest skin 
impedance throughout time, which is similar to findings (Grimnes 1983; Rosell, 
Colominas et al. 1988) mentioned earlier. The impedance for the volar forearm has 
not reached steady state value. Mariko (Egawa, Hiroa et al. 2007) shows the hydration 
Z5mm_Forearm=2505.989e-0.000754t + 361.686;  
Z5mm_Upperarm=1658.164e-0.000960t+383.652; 
Z5mm_Neck=1015.623e-0.00289t + 93.764; 
Z5mm_Forehead=466.37712e-0.0110t + 63.996  
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process with water on the volar forearm is very slow and it may take up to 90 minutes 
for SC region to be saturated with water.   
Based on Table 4-1, Figures 4-4 and 4-5, the results agreed with the results from other 
findings where the effective surface area (infundibula surface area, infundibula 
volume) on the forehead is the largest. Accompanied with high appendageal density, 
these lead to larger effective surface ratio (also implies to larger total pore area), and 
larger diffusion space (infundibula follicular volume and sweat duct) for ionic 
diffusion. Larger effective surface ratio means more ionic diffusion at any one time, 
which leads to higher A . From equations 4-14 and 4-15, the ratio of T with S will 
increase more than decrease in ratio of T  with A  . Hence, the SC impedance is 
relatively higher and becomes less dominant to the total skin impedance. 
Based on Table 4-1, though the upper forearm and volar forearm have generally 
insignificant difference in the number of SC layer, volar forearm has higher 
appendageal and hair follicle density. From the Figures 4-15 and 4-16, upper forearm 
consistently shows higher T  and lower TC  than the volar forearm measured from all 
the subjects. Interestingly, as shown in Figures 4-4 and 4-5, although lower density, 
the infundibular surface and volume on the upper forearm is found 3 to 5 folds larger 
than the lower forearm. This may implied that these densities play a comparatively 
smaller role than the volume and total surface of the follicular infundibula in the 
change in skin impedance.  
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Furthermore, the sweat duct density is slightly lower in forehead than in the neck, but 
there is no observable trend in the parameters of impedance over time. Hence, the 
density of sweat ducts may play a comparatively less role than hair follicles density in 
the change in skin impedance over time.  
4.4.3 Variation of Electrolyte-skin Contact Surface Area  
In Figures 4-17, 4-18and 4-19 graphs of impedance over a period of time, with 
variations over different surface areas measured on the forearm, neck and forehead 
are shown. The measurements were taken 30s after application of the measuring EEG 
cup electrode on the dry skin, where the electrode-skin contact surface area becomes 
more homogeneous.    
 
 
Figure 4-17 Variation of skin impedance with time (1 hour time period) on volar 




Z4mm=4026.672e-0.001417t + 589.182; 
Z5mm=4376.340e-0.002123t + 424.473;  
Z6mm=4158.597e-0.003179t + 331.216;  
Z8mm=4556.170e-0.00560t + 170.549  




Figure 4-18 Variation of skin impedance with time (1 hour time period) on neck for 
different electrolyte-skin contact surface area (25Hz).  
 
 
Figure 4-19 Variation of skin impedance with time (1 hour time period) on forehead for 
different electrolyte-skin contact surface area (25Hz).  
Comparing the exponential curves with increasing surface area, the relationship 
between the decay constant  and variation of electrolyte-skin contact area 0S  is 

























Z4mm=1008.003e-0.005276 + 150.303; 
Z5mm=1098.339e-0.005878t + 107.802;  
Z6mm=870.311e-0.008380t + 103.591;  
Z8mm=649.415e-0.01527t + 76.110  
Z4mm=318.891e-0.004694t + 61.887; 
Z5mm=301.474e-0.00537t + 46.326;  
Z6mm=295.185e-0.00843t +32.225;  
Z8mm=301.676e-0.01039t + 16.639 




Figure 4-20 Variation of normalized   with contact surface area on volar 
forearm. The plotted points are derived from the experimental close-fit curve.  
From Figure 4-20, there is a linear relationship between the normalized  and 
electrolyte-skin contact surface area 0S . The gradient of the linear trend line can be set 
as α constant which is equal to 0.02. When the electrolyte-skin contact surface 
increases, the appendage to total skin surface ratio is relatively constant assuming the 
appendageal density is constant. Referring to the mathematic representations S , A  
and T  will increase proportionally to the increase in the effective contact surface 
area, leading to decrease in measured skin impedance and faster settling time. The 
illustration applies when the diameter of the circular contact surface area is between 
4mm to 8mm. In summary, the findings for the different four measurement sites are as 
follows: 
Table 4-2 the gradient of the linear trend line of the curve of normalized λ against 
surface area. 
 
P a g e  | 89 
 
 
4.5 Concluding Remarks 
The essential results of this chapter are as follows: 
a) Skin impedance is a time varying function where the change in skin impedance 
can be approximated by an exponentially decreasing function with multiple 
decay routes, where each represents a major ionic diffusion route through the 
skin, through the SC and appendageal pathways.  
b) The SC bulk composite of a normal skin when introduce with electrolyte can be 
represented by a simplified electrical model as two time-varying resistors in 
parallel configuration, the equivalent impedance of the SC bulk and the 
appendages pathways SZ  and AZ respectively. The rate of change of the 
corresponding impedance is largely influenced by the skin diffusion coefficient 
of the electrolytic gel and a mathematical representation has also been derived 
and validated.  
c)   Skin on different body sites has variations in the SC and appendageal structures. 
This translates to different diffusivity of the electrolyte gel into the skin, which 
affects the rate of change in concentration of ions within the skin in different 
pathways. 
d)  The four parameters such as the SC thickness, appendageal density, surface and 
volume of the follicular infundibula are identified to have an influence over the 
change in skin impedance.  
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e)  The scarred skin, without the appendages, is less diffusive to electrolyte as 
compared to the normal skin. The comparative study of skin impedances 
measured on the regrown scarred skin and the adjacent normal skin of two 
subjects showed that the skin without appendages has much smaller decay 
constant and higher steady state skin impedance value during the course of one 
hour measurement. These results echo the findings from various reports that the 
follicular pathway is a more important percutaneous pathway than the SC. 
f) The skin impedance measured on various anatomical locations on the body has 
shown significant difference in their respective decay constants and steady 
values. Qualitative investigations showed that the decay constant is inversely 
proportional to the density of hair follicle, volume and surface of follicular 
infundibula per unit area. Conversely, the appendageal density that includes the 
sweat pore density has less influence on the decay constant. This may imply 
that the sweat gland plays a less role in impedance change over time compared 
to the hair follicle. 
g) The decay constant  is found to be linearly proportional to increasing 
electrode-skin surface area 0S . This result shows that, a smaller electrode-skin 
contact area not only results in higher skin impedance, the rates of change in 
skin impedance will be also reduced.  
 




THE EFFECT OF ETHANOL AND PROPYLENE 
GLYCOL AS ENHANCERS FOR SKIN 
IMPEDANCE 
In this chapter, the effect of chemical penetration enhancers on the time variant 
characteristics of the skin impedance is presented and discussed. In bio-potential 
measurement with restricted electrolyte-skin contact area, a major concern is how to 
achieve low skin impedance rapidly. In this study, an electrolyte gel that was made in-
house with its skin permeation ability been enhanced by ethanol or propylene glycol 
has been investigated. The standard skin impedance measurement was carried out on 
the forehead in an area of 5 mm in diameter using standard Ag-AgCl EEG electrodes. 
The gel solutions with 0%, 7%, 18% and 28% of enhancers by volume are compared. 
The results show that both ethanol and propylene glycol reduce the permeation barrier 
of the SC so that ions in the electrolyte gel can penetrate more readily into the skin, 
enhancing the skin conductivity in reaching the steady value at a faster rate. It was 
further found that: for the gel with higher percentage of ethanol, lower minimum skin 
impedance value was obtained; however, as the percentage of propylene glycol 
increased, it fails to attain lower steady impedance values in the skin impedance 
measurements. (Ng, Ng et al. 2009) 
 




The skin has very high electrical impedance that is derived mainly from the SC layer 
of the epidermis. Reliable and low impedance contact is desirable for measurement of 
bioelectrical potential. This can be achieved by using a electrolyte enriched with 
conductive ions to facilitate transmission of electrical signals via ionic conduction. 
This medium takes the form of an electrolyte gel applied between the electrodes and 
the scalp, which allows the penetration of ions into the skin and thus form an 
electrical conductive pathway between the skin and electrode (Carim 1983; 
McAdams, Jossinet et al. 1996). However, the ions penetration is impeded and 
retarded by the permeation barrier of the bulk SC. This issue becomes even more 
remarkable when the contact surface area is restricted because the skin impedance and 
its rate of reduction are found to be inverse proportional to the measuring contact area 
as shown in previous chapter (Chapter 4). Therefore, it is important to reduce this 
permeation barrier to further enhance the skin impedance to achieve lower steady-
state value and at faster rate..  
The use of chemical penetration enhancers is a promising method to reduce the 
permeation barrier of the skin. It has been intensively studied in the past decades to 
boost drug delivery (Barry 2004). Penetration Enhancers allow ions to penetrate more 
readily into the skin through three major potential routes for penetration: intercellular 
permeation through SC, transcellular permeation through the SC and appendageal 
route (Thong, Zhai et al. 2007). The SC is the target for penetration enhancement in 
the present study, since it covers majority of the skin surface as compared for 
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appendages and provides the major barricade to the skin permeation (Barry 2004). 
Figure 5-1 shows the macroscopic and molecular domains of the intercellular and 
intracellular routes of drug permeation through human SC. The transcellular routes 
are preferred by polar penetrants. However, when penetrants become more non-polar 
the intercellular route becomes more significant (Barry 2002). 
 
Figure 5-1 Intercellular and intracellular routes of drug permeation through human 
stratum corneum (Barry 2004). 
There are two widely recognized penetration enhancers, ethanol and propylene glycol 
(Thong, Zhai et al. 2007). Ethanol acts as a solubilizing agent which enables large 
amounts of intercellular lipids to be extracted from the SC, leading to increased 
intercellular diffusion (Sugibayashi, Nakayama et al. 1992). On the other hand, 
propylene glycol enhances transcellular transport. Its mechanism involves solvating 
keratin and occupying the hydrogen bonding sites which reduces the strength of drug-
tissue bonds (Southwell and Barry 1983) 
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The present study aims to investigate electrolyte gel with ethanol or propylene glycol. 
The influence of these penetration enhancers on the skin impedance immediately after 
the onset of electrolyte gel application and its steady value is studied and discussed.  
5.2 Materials and Methods 
In the experimental investigations, specially prepared basic solutions were used as the 
conducting medium. The main components of the gel would be: distilled water, ionic 
compound, thickening agent, and chemical penetration enhancer. Two penetration 
enhancer were studied separately and compared, which are ethanol ( 2 5C H OH ) and 
propylene glycol (Alfa Aesar, 98+ %). The ionic compound used was sodium chloride 
(NaCl), while Guar Gum (Tosu Supplies) which is a polysaccharide acted as 
thickener. Guar Gum was selected due to its properties of being an excellent 
component in electrolyte gels, such as: its natural pH (7~8.5) falls close to the 
physiological pH of human skin, its high availability and low cost and can be 
produced without excessive processing (Carim 1983). Since the present study is to 
investigate the effect of penetration enhancer in the electrolyte solution, the amount of 
ionic compound and thickening agent were to be held constant. In this study, with 10 
cm3 of distilled water, 4 g of sodium chloride was added gradually with vigorous 
stirring until completely dissolved. A similar procedure was done with Guar Gum, 
0.15 g in 10cm3 of distilled water. The conductive gels were then prepared by 
combining sodium chloride solution, thickener solution and penetration enhancer 
solution. To study the effect of penetration enhancer at different percentage, a total 
volume of 20 cm3 of penetration enhancer solution, which is the mixture of distilled 
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water and penetration enhancer of 0% (as control electrolyte gel), 7%, 18% and 28% 
by volume for each solution (solution A, B, C and D), were used. 
Due to low frequency nature of the bioelectrical signal, the skin impedance was 
measured at 25 Hz by 1089 ES Checktrode® electrode tester from UFI with selector 
switch. Offset potential of the measurement is maintained within ±10mV to ensure the 
consistent measurement is obtained. 
For this study, 3 healthy human subjects at the age of between 25 to 30 years old were 
recruited for the experiments. Standard Ag-AgCl EEG cup electrodes with 10 mm 
diameter were used and a total of four measurement electrodes and a reference 
electrode were connected to an impedance meter. The electrodes were attached to the 
planar surface of the forehead skin. Each measurement electrode was spaced 5 cm 
from the reference electrode. Standard contact area of 5 mm diameter is confined in 
between the gel and the skin by the method similar to the previous study (refer to 
chapter 4). Reference electrode is injected with standard EEG electrolyte gel. The 
other four electrodes were filled with electrolyte gel A, B, C and D separately. Their 
respective impedances corresponded to respective channels on the impedance meter. 
Separate timings started as soon as each separate electrode was injected with 
electrolyte gel. Readings were recorded every ten seconds for the first three minutes; 
and subsequently, once every minute.  
The experiments were conducted simultaneously for A, B, C and D gels and on 
different position of the forehead for the consecutive experiments, reducing the effect 
of varying physiological conditions. 
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5.3 Results and Discussions 
With the results obtained, graphs showing the impedance value as a function of time 
for different percentages of each penetration enhancer are plotted. (Figures 5-2 and 5-
3) show the effects of ethanol and propylene glycol on skin impedance respectively) 
5.3.1 Effect of Ethanol 
 
Figure 5-2 Effect of different proportions of ethanol on skin impedance (Ng, Ng et al. 
2009). 
Figure 5-2 exhibits a trend that a higher percentage of ethanol in the electrolyte gel 
shows lower impedance at any given time. It was also observed that for the electrolyte 
gel with higher percentage of ethanol, decreases the impedance values at a faster rate. 
This observation can be explained by the action of ethanol extracting the lipids from 
the intercellular lipid domains in the SC, causing the intercellular pathways to become 
more accessible and thus greatly increases the diffusion rates. However, the time 
taken for steady impedance value to be reached does not appear to display any 
significant trend among the gels with ethanol at different percentages. Despite so, it 
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can still be concluded that ethanol has a positive influence on skin–electrode 
impedance. 
5.3.2 Effect of Propylene Glycol   
 
Figure 5-3 Effect of different proportions of propylene glycol on skin impedance (Ng, 
Ng et al. 2009). 
Figure 5-3 shows that a higher proportion of propylene glycol, similar to ethanol, 
decreases the impedance values at a faster rate. However, it is observed that all the 
impedance measurements converge towards a value which is similar to the steady 
value achieved by the control electrolyte gel (without propylene glycol). This 
observation may be because the propylene glycol only exerts its action of increasing 
the ion mobility in the intracellular pathways at the initial stage, whereas when the 
tissue cells gradually become hydrated, the intracellular regions will have more fluid 
and water in the electrolyte gel, also a type of penetration enhancer, will then overtake 
propylene glycol in the role to lower the permeation barrier (Southwell and Barry 
1983). Although the increase in propylene glycol fails to achieve lower steady 
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impedance values in the skin impedance measurements the ability of propylene glycol 
to reduce the skin impedance quickly is also desirable. 
5.4 Concluding Remarks 
The essential results of this chapter are as follows: 
a) The effect of the ethanol and propylene glycol as penetration enhancer on the    
time-variant characteristics of skin impedance has been successfully 
investigated. 
b) It has been shown that the higher proportion of ethanol, the lower skin 
impedance and the faster to achieve steady value of impedance. On the other 
hand, for propylene glycol, this trend does not hold entirely true.  
c) The results showed that a higher percentage of propylene glycol gave rise to a 
faster drop in skin impedance value at the beginning of the measurement. This 
impedance value settled quickly and converged to an impedance value close to 
the steady value achieved by the gel without propylene glycol. This can be due 
to propylene glycol showing no significant additional enhancing effect after the 
tissue is fully hydrated and the water overtakes the propylene glycol as the 
dominant penetration enhancer. However, the ability of propylene glycol to 
reduce the skin impedance quickly is desirable.  
d) The study shows that ethanol serves as a preferable component of gel 
composition. The use of penetration enhancer especially benefits the case when 
the measuring surface area is restraint by the design of bio-potential electrode. 




IN-VIVO MEASUREMENT OF THE EFFECT OF 
COMPRESSION ON THE HUMAN SKIN 
IMPEDANCE  
Compression of the skin resulting from physical contact by dry surface-electrodes for 
bio-potential measurement has not been clearly understood. The absence of this factor 
in the assessment of electrode performance may result in an incorrect judgment of the 
actual performance of the electrode of interest. The electrical impedance of the skin is 
one of the key performance indices for bio-potential electrode. Hence, it is of great 
interest to characterize the dynamics of skin impedance that is being influenced by 
mechanical deformation due to contact pressure on the skin. In this study, skin 
impedance was measured at 25Hz simultaneously with stepwise indentation on both 
the inner and outer forearm. During the loading phase, the results showed a two-phase 
increase in impedance corresponding to the indentation depth. It was also observed 
that the change in skin impedance is partially reversible during the unloading phase. 
Applying electrolyte gel in between electrode and skin, it is found the gel penetration 
has been greatly enhanced by skin compression with the evidence of large drop in 
skin impedance.  
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6.1 Introduction  
Contact pressure when use a dry electrode for bio-potential recording is essential to 
ensure maximum contact area and minimum possible relative movement between 
electrode and the skin, which would otherwise result in signal noise, also known as 
the motion artifact. The skin impedance has been one of the key performance indices 
for bio-potential electrode. However, no detailed investigation on the relationship 
between the contact pressure by the electrode on the skin and the electrical properties 
of the SC in frequency ranges of bio-potential measurement has been established.  
Yamamoto (Yamamoto 1986) has earlier found that the skin contact pressure or 
compression by a dry electrode has a great influence on the skin admittance measured 
at 100kHz, but the mechanism behind this change due to the compression has not 
been investigated since. They believe that the change in skin admittance may be due 
to the degree of contact between the electrode and skin. It is of great interest to further 
characterize the change in skin impedance influenced by mechanical deformation due 
to skin compression.  
The SC is the outermost layer of the epidermis, composed of large, flat, polyhedral, 
plate-like envelopes filled with keratin, which is made up of dead cells that have 
migrated up from the stratum granulosum (Marks 2006) and has a thickness between 
10 and 40μm. The mechanical behavior of the SC is similar to that of a viscoelastic 
material which is strongly dependent on its hydration level, temperature and chemical 
treatment (Wilkes GL 1973; Wu, van Osdol et al. 2006). Studies showing that the 
measurable depth in the skin impedance measurement is frequency dependent. A 
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FEM study have shown that the impedance measured reflects mainly that of the SC at 
low frequencies and for moderately high frequencies such as that of 100kHz, the SC 
only represents 10% of the total impedance (Martinsen, Grimnes et al. 1999; 
Martinsen and Grimnes 2001). To study the effect of SC on skin impedance, this 
study to investigate the compression induced skin impedance change will adopt a low 
frequency impedance measurement method that measures mainly the impedance of 
the SC.  
In this study, tape stripping methods and a specially developed integrated impedance-
indentation apparatus are used to investigate the skin impedance change induced by 
the skin compression.  
6.2 Materials and Methods 
6.2.1 Overview 
In-vivo experiments were carried out using a two electrode measuring system, 
consisting of an Ag-AgCl EEG cup (reference electrode), and a brass electrode 
(measuring electrode) attached on the specially designed indenter system for the 
measurement of the skin impedance. As there are bound to be daily variations in both 
the environment and the subject, the measurements were carried out simultaneously 
within the same session for every subject. The measurement site was clean by gently 
wipes with distilled water 10 minutes before the experiment was carried out. 
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6.2.2 Acquisition of Skin Impedance Using the Dynamic Signal Analyzer and the 
Indenter 
6.2.2.1 Experiment Description 
Impedance measurements were gathered by using a novel indenter and a 35670A 
Dynamic Signal Analyzer (Agilent, Santa Clara, CA, USA) that is connected to 
LabView (National Instruments, Austin, TX, USA), a program was then designed to 
collect a set of 18 data points at a frequency of 25Hz for each measurement (refer to 
Chapter 3 section 3.2.1.2). There were a total of six healthy subjects who volunteered 
for the impedance measurements. For every subject, the measurements were 
conducted within the same session at the same ambient conditions, i.e. the same room 
temperature and humidity.  
6.2.2.2 Impedance-indentation Experimental Set-ups 
The indentation experiments were conducted with a cylindrical flat brass tip electrode 
of 5mm diameter, up to an indentation depth of 12mm in order to measure the human 
skin impedance of both the inner and outer forearm. There are 2 different variations in 
the experiment set-up and they are as follows:- 
1) Dry electrode with a thin layer of high viscous electrolyte paste in order to 
verify that the change in electrolyte-skin surface area is the main cause of 
change in skin impedance. The electrolyte paste is used because it fulfilled the 
following criteria: 
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a) Limited diffusion through the skin in a short duration to ensure 
minimal impedance change by the electrolyte during the experiment.  
b) Will not evaporate easily at room temperature. 
c) No electrolyte smearing to keep the contact surface area constant 
throughout the experiment. 
2) Indentation with low viscous electrolyte gel (OneStep Clear gel). 
A thin layer of electrolyte paste/gel is evenly applied on the dry electrode tip by 
means of stroking with cotton bud. 
 
6.2.2.3 Impedance-indentation Measurement with Tape Stripping 
Impedance acquisition process through skin indentation was further studied with the 
SC removed. The tape stripping procedure proposed by J. Lademann (Lademann, 
Jacobi et al. 2009) is adopted. Scotch Magic tape (3M, St. Paul, MN, USA) of 19mm 
in width was applied and removed successively from the same skin area. To avoid the 
influence of furrows and wrinkles, the tape was pressed onto the skin using a roller to 
stretch the skin surface. Before skin stripping, alcohol swap, saturated with 70% 
isopropyl alcohol was used to clean the skin site. This process is to avoid the effect of 
dirt and perspiration on skin impedance acquisition. Two minutes were waited after 
applying the alcohol pad to allow fully evaporation of alcohol. Before stripping, 8 
times of tape stripping, 16 times of tape stripping are the 3 successive cases taken into 
consideration. The measuring sites for the 3 cases are very near to each other, with the 
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skin unaffected by preceding indentation process. The same indentation experimental 
procedures were performed after each case of stripping. Therefore, 3 sets of data were 
obtained for each subject. 
6.2.2.4 Experimental Procedures 
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Skin impedances were measured during the stepwise indentation process. The 
preparatory step required a standard Ag-AgCl EEG cup reference electrode being 
attached to the centre of forehead area where the SC was largely removed before the 
electrode attachment. In addition, commercial electrolyte gel (OneStep Clear Gel) was 
used at the reference electrode-skin interface, to minimize the influence of the skin 
impedances on the reference site to the total measured impedance. Flowchart above 
(Figure 6-1) shows the process of a routine of indentation test. The detailed 
description of the flowchart is as follows: 
Step1 - Manually place the indenter just in contact on the measurement site. Inner and 
outer forearm areas as shown in the Figures 6-2 were chosen for this study because of 
its relative flatness suitable for maximum contact with the flat indenter surface. 
A thin layer of electrolyte paste (Elefix paste for EEG test, Japan) was applied on the 
flat-tip brass electrode before the experiment to maintain the effective contact surface 
area throughout the experiment. This paste has been tested by leaving it on the skin of 
interest for 30 minutes and has fulfilled the following criteria: 
a) Limited diffusion through the skin in a short duration, which ensures minimal 
impedance change by the electrolyte throughout the duration of the experiment. 
b) Will not evaporate easily at room temperature. 
c) No electrolyte smearing to keep the contact surface area constant. 
d) Impedance change over time is negligible.  
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Step2 - With the power on, the indenter started to work semi-automatically. The 
indenter moves downward until the first load cell reading of 10g appeared. The 10g 
reading was equivalent to 3 to 4.5mm of displacement for different subjects and the 
indentation depth representing the starting point for the load-indentation curve.  
Step3 - Once the 10g was obtained, the indenter was held for 5 minutes before the 
next indentation.  The 5 minutes time interval was to ensure the indenter head 
contacts the skin fully and the effective skin area under the indenter was kept 
constant, and to stabilize the impedance readings. 
* For the experiment using low viscous electrolyte gel (OneStep Clear gel), the 
indentation start immediately without the 5 minutes waiting time. 
Step4 - The indenter then moved 20 steps downwards, with a distance of 0.6mm at a 
rate of 1.5mm/s. There was a 10s interval between every 20 steps for impedance 
recording from the averaged value processed by the Dynamic Signal Analyzer.  
Step5 - The next step was to repeat the 20-step loading process for 7 more times.  
Step6 - Once loading process was completed, a repetitive unloading was conducted 
for 8 times. Each unloading process mimics the loading process.  
In total, there were a set of 18 data points collected (8 loading, 8 unloading, initial 10g 
reading and the end point). The uniaxial loadings and the indentation depth were 
collected and plotted. 




Figure 6-2 Indentation positions (a) Outer (extensor) forearm, (b) Inner (volar) forearm. 
  
6.3 Results and Discussions 
6.3.1 Impedance-indentation Experiment 
 
Figure 6-3  Load-displacement curve of indentation measurement on inner forearm. 
Figure 6-3 shows a typical viscoelastic response of the skin due to the loading and 
unloading of the indenter obtained from the experiments. The lower load reading 
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From the Figure 6-3, it was observed that the skin impedance decreases at a slower 
rate during loading with a small indentation depth before a more drastic drop is 
observed as the indentation depth increases. The skin impedance during unloading 
also portrays a similar but more gradual trend that of the loading condition and this 
may be due to the temporary change in the thickness or structure of the SC layer 
during the loading of the skin. 
When the indenter is completely unloaded (indentation depth=0mm), it was observed 
that the resultant skin impedance is much smaller than that before start of the 
experiment thus showing that the compression induced skin impedance change is 
partially reversible. This sync with the fact that the skin is a viscoelastic material 
which exhibits certain distinct properties such as the ability to store energy during 
deformation, and in which the application of a stress gives rise to a strain that 
approaches its equilibrium value slowly. 
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Figure 6-5 shows the experimental results of two consecutive cycles of the indentation 
process. When the indentation is repeated, the subsequent cycle exhibits trends similar 
to that of the first cycle for both the loading and unloading processes and it was noted 
that a lower resultant skin impedance value could be achieved by repeated loading 
which further shows that the thickness of the skin, mainly the SC as the experiment 
was carried out at 25Hz, affects the skin impedance. 
 
Figure 6-5 Second cycle of indentation is performed in addition of first cycle shows that 
further decrease in skin impedance due to repeating compression. 
Figure 6-6 clearly shows that there is a correlation between the load applied and the 
normalized change in skin impedance with respect to the indentation depth of the 
indenter across the 6 subjects. The magnitude of the load applied and the change in 
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highly subject dependent such as the subject’s skin thickness, the variations between 
the thickness of the different layers of the skin and the subject’s skin hydration level. 
From the results, it shows that the change in skin impedance has a linear relationship 
with the load applied up to 200g or near 6mm indentation depth. Thereafter, the linear 
relationship diminishes thus leading to a divergence of both measurements. The rate 
of change in impedance reduces after the critical value of 200g. In other word, after 
this critical point, a larger load is required for further decrease in skin impedance.  
 
Figure 6-6 Curves of the normalized change in skin impedance (blue line) and load (red 
line) in relation to indentation depth of (average value of six subjects). 
It is also found that the impedance-displacement curves and the load-displacement 
curves on different body sites are different; the measurement on the extensor and 
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on the extensor forearm is faster than that obtained on the volar forearm. This 
observation can also be seen on the comparison of load-displacement curves between 
these two sites. This change in skin impedance (∆Z) in relation to indentation depth is 
varied on different anatomical location on body largely depends on the bio-mechanics 
characteristics of the skin. 
  
 
Figure 6-7 Comparison of variation of change in impedance, ∆Z, with indentation depth 

























Figure 6-8 Comparison of load-displacement curve of indentation measurement on volar 
and extensor forearm.  
The coupling of the compression and low viscous electrolyte gel rapidly decrease the 
skin impedance to towards the steady state value (Figure 6-9(a)). This enhance effect 
is significant from the start of the indentation. The minimum impedance remains 
relatively stable during unloading compared to with high viscous cream. Comparing 
the result of the variation of impedance with time using Ag-AgCl wet electrode on the 
same person (Figure 6-9(b)), the duration to achieve the minimum stable impedance 
(500kΩ)  is greatly reduced, which is around one minute for compression compared to 
more than 50 minutes for the wet electrode under the same condition. 
In addition, the influence of change of contact area on the skin impedance has been 
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results show that the impedance change due to contact pressure is not related to the 
changing effective contact area, as suggested by Yamamoto (Yamamoto 1986).  
  
 
Figure 6-9 Enhance effect of coupling of compression and gel penetration 
(a)  Comparison of variation of change in impedance, ∆Z, with indentation depth on 
inner forearm with highly viscous electrolyte cream and low viscous electrolyte gel 
(b) Variation of skin impedance with time for wet electrode on inner forearm of the 
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6.3.2 Indentation with Tape Stripping  
 
Figure 6-10 (a) Variation of skin impedance with load applied on volar forarm for 
increasing number of stripping times of five subjects. (b) The sensitivity of skin 
impedance (∆Z /dL) over load. 
The tape stripping experiments verified that a lower skin impedance (or higher skin 
admittance) corresponds to a fewer number of SC layers coinciding with Yamamoto’s 
equation (Yamamoto and Yamamoto 1977): 
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          (6-1) 
where the SC impedance is directly related to its thickness d and inversely related to 
the electrode-skin contact surface area, S, ρ is the effective resistivity and ε is the 
effective dielectric constant.  
From Figures 6-10 (a,b), with increasing compression load on the skin with different 
SC thickness, the result shows a direct correlation between the number of SC layers 
and the skin impedance-load sensitivity thus it is suggested that the compression 
induced skin impedance change is mainly due to the change in the SC.  
As the SC layers were being stripped away, the magnitude of the total impedance of 
skin layer was reduced. Skin stripping had reduced the number of those dry layers of 
the SC resulting in the bottom layers of the SC that has a higher moisture content 
being consequently exposed to the bioelectric electrode thus a better bioelectric 
conduction was obtained.  
On the other hand, other researchers have found that the skin hydration state can be 
measured by low-frequency susceptance measurement of the skin (Kohli, Archer et al. 
1985; Martinsen ØG 2001; Darlenski, Sassning et al. 2009). This skin capacitance 
based measurement measured the water content in the epidermal layer by the change 
in skin capacitance.  
When comparing the contribution of the resistive and capacitive components of the 
skin in the change of skin impedance, Figure 6-11 and 6-12 shows curve of skin’s 
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parallel resistance pR and skin’s parallel capacitance pC against compression load 
respectively (values from experiments without tape stripping). The curves 
demonstrate both components displayed a similar trend to the change in skin 
impedance that can be seen in Figure 6-10 (a). The skin’s parallel capacitance value 
increased with increasing load applied whereas the curve of skin’s parallel resistance 
shows the opposite of the capacitance. Similar to skin impedance, both the pR and 
pC  recovers partially when the indenter is releasing. As the skin’s hydration is not 
able to reverse in such a short time, the change in pC influenced by the indentation 
may not indicate the actual skin hydration change. This could mean the dielectric 
property of the skin is directly correlation to the skin compression. Therefore, the 
appropriateness of using skin capacitance as the techniques to measure the skin 
hydration may need further investigation. 
 
 
Figure 6-11 Variation of skin’s parallel resistance with indentation on the inner forearm 
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Figure 6-12 Variation of skin’s parallel capacitance with indentation on the inner 
forearm (25Hz) during loading and unloading. 
 
6.4 Concluding Remarks 
The essential results of this chapter are as follows: 
a) Results obtained from tape stripping method showed that the change in skin 
impedance due to compression contributed mainly by SC.  
b) The change in skin impedance due to compression is partially reversible when 
the compression is released. 
c) The change in skin impedance (∆Z) is linearly correlated to the load applied in 
relation to indentation depth before a critical point, after which the rate of 
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d) The change in skin impedance (∆Z) in relation to indentation depth is varied 
on different anatomical location on body largely depends on the bio-
mechanics characteristics of the skin. 
e) Tape stripping experiments showed that there is a direct correlation between 
the number of SC layers and the skin impedance-load sensitivity, thus it may 
indicate that the compression induced skin impedance change is mainly due to 
the modification in SC. 
f) Skin’s parallel resistance pR  changes during skin compression in the similar 
fashion to the change in skin impedance over applied load. The results 
manifested that there is a direct correlation between the change in skin’s 
conductivity property and skin compression. 
g) An inverse trend in skin's parallel capacitance pC  compared to skin 
impedance is observed. The results manifested that there is a direct correlation 
between the change in skin’s dielectric property and skin compression. 
h) Compression coupled with low viscous electrolyte gel shows that the skin 
impedance is greatly reduced upon loading and it suggests that the 
compression may enhance the skin permeability to the ionic solution. 




STUDY OF SCALP IMPEDANCE DISTRIBUTION 
ON THE HUMAN SCALP  
In the previous chapter, the skin impedance has been found to fall quickly with the 
application of electrolytic solution with combination of compressive force (refer to 
Chapter 6). For EEG, measurement site is mainly on the forehead and scalp. 
The scalp is an anatomical region bordered by the face anterior and the neck to the 
sides and posterior where the head hair grows. It is of great interest to understand how 
skin impedance influence by this unique anatomical region. The main type of the hair 
on the scalp is the thick terminal hair. However, high density of terminal hair may 
obstruct the fixture for electrode placement, accurate measurement with fix contact 
area set-up that is used in Chapter 4 is difficult to obtain. Likewise to the skin 
compression experiment in Chapter 6, the brass tip contact will be obstructed by the 
terminal hair when used without the electrolytic gel. In this study, a novel electrode 
for skin impedance measurement, utilizing the advantages of electrolyte gel and skin 
compression, has been developed to investigate the spatial distribution of scalp 
impedance and its effect with different loading condition. The measurements on 8 
subjects were conducted on the scalp locations according to the international 10-20 
system for EEG (Jasper 1958; Klem, Luders et al. 1999). The results showed that the 
scalp impedance decreases when load is applied onto the scalp, and the crown region 
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(CZ, PZ and FZ) exhibits the highest impedance compared to other regions. The 
frontal and the temporal regions displayed the lowest measured impedance.  
7.1 Introduction 
The percutaneous absorption pathways on the skin e.g. SC, sweat gland and hair 
follicles may have a unique distribution on the different parts of the scalp. For 
example, the crown is the region that is most densely packed with hair follicles. In 
adults the sides and back of the scalp may have a hair density as low as 150/cm2. For 
the crown of the scalp pre-puberty, the density is 250-400 hairs/cm2 (Pecoraro, Astore 
et al. 1971 ). The scalp thickness is usually the thickest at temporal (9.5 ± 2.6mm), 
followed by the parieto-occipital (6.6 ± 1.3mm) and frontal (4.8 ± 1.1mm) area 
(Babiloni, Babiloni et al. 1997). 
It has been postulated and validated in the previous chapters that the trans-follicular 
transport of the ions and number of SC layers plays a huge role in the rate of 
exponential decrease in skin impedance. From the study shown in chapter 4, small 
compression is required to rapidly decrease and stabilize the bulk SC impedance with 
the presence of electrolytic gel. The aim of this present work is to study the scalp 
impedance distribution on the human scalp.  
7.2 Materials and Methods 
To determine the relationship between the load and the corresponding impedance 
values, a novel electrode with a tip of 5mm was design for. It was decided that the 
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load would be varied between 50 grams and 150 grams. The lower limit of 50 grams 
was chosen to ensure that the electrode tip was in full contact with the scalp and the 
upper limit of 150 grams was chosen as it was felt that any value higher than that 
would cause discomfort to the subject. 8 subjects were selected for the experiment to 
determine the relationship between the load and impedance on various points on the 
scalp 
7.2.1  Experimental Setup 
The main principle behind the initial method was to use a spring loaded impedance-
load tester to apply a variable force on the scalp. As shown in Figure 7-1, the 
experimental setup includes the impedance-load tester which varies the load using a 
set of dead weight with different masses, an Ag-AgCl EEG cup reference electrode 
attached on the nasion and a impedance tester to measure the impedance between the 
two points on the subject’s scalp. 
 
Figure 7-1 Experimental setup to determine the scalp impedance distribution. 
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7.2.2 Electrode Design 
The measuring electrode is an Ag-AgCl electrode, which is immersed in a cylindrical 
reservoir, which is filled with diluted electrolyte gel (OneStep Clear gel). This gel is 
diluted with distilled water in the ratio of 3 parts of water and 1 of part of gel. A rigid 
5mm diameter circular felt tip, with the ability of capillary action, is connected to the 
reservoir to create a platform for the electrolyte-skin interface when impedance is 
measured. The mass of this novel electrode is 30g. Both of these electrodes are 
connected to the impedance meter for data acquisition. A special feature of this novel 
electrode is the ability to exploit the use of the electrolyte-skin interface and pressure 
applied to the scalp to lower and maintain the electrode-scalp impedance almost 
instantaneously. On top of the cylindrical reservoir is a dead-weight holder to hold the 
dead weights into place during the course of impedance measurement (Figure 7-2). 
When the electrode is placed on the scalp, the gel-skin interface is formed and 
provides the electrical pathway to the Ag-AgCl electrode. The limited flow of 
electrolyte restricted the contact area to the size of the felt-tip. 
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To position the electrode in perpendicular to the scalp surface, a tripod electrode 
holder is fabricated. The functions of the tripod electrode holder are as follows: 1) 
Enables minimal sliding friction with the novel electrode when mass is added, as 
delrin has a very low coefficient of friction. 2) Hold the novel electrode into place 
perpendicular to the scalp measurement region to ensure axial loading and full 
exploitation of the dead weight acting on the novel electrode.  
7.2.3 Electrode-scalp Impedance Measurement Set-up 
In this study, the electrode-scalp impedance measurement was done by the 1089 ES 
Checktrode® (UFI) electrode tester (Figure 7-2). This impedance meter is portable 
and allows rapid evaluation of contact impedance between the two applied electrodes.    
7.2.4 Optimal Measurement Method 
Both the reference and measuring electrodes are connected to the two primary 
terminals of the impedance meter. The measuring electrode is positioned vertically 
with reference to the ground for the dead weight/s to fully act onto the scalp and also 
positioned perpendicularly to the scalp point. Hence, the test subject’s head will have 
to be shifted by the experimenter for every scalp point to be measured. Note that the 
mass of the electrode is not taken into consideration in the results. This study is 
focused on the variation of mass acting on the scalp measurement point. For example, 
if a 50g dead weight is added onto the electrode, the total mass is 80g, but the results 
state that 50g mass is used. In addition, the impedance meter is only able to display 
impedance readings that are lower than 200kΩ, and hence, an initial mass of 50g will 
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ensure that the impedance readings are recordable. Also, there will be a slight 
variation of mass (±2g) acting on the scalp. Hence, a relatively high mass used will 
minimize errors pertaining to the application of variable mass onto the scalp, 
assuming that the scalp impedance is not sensitive to the slight variation of applied 
mass.  
The measuring electrode will be placed onto the scalp for 5 seconds, as a form of 
standardization in experimental protocol; thereafter the scalp impedance reading will 
be taken.  
7.2.5 Data Analysis 
The investigation will be based mainly on the relative magnitude of results, rather 
than the value themselves, as the scalp condition of every subject varies regularly, 
which will affect the electrode-scalp impedance readings significantly.  
7.3 Results and Discussions 
 
Figure 7-3 Impedance distribution of F-Line (50g). 






















Figure 7-4 Impedance distribution of C-Line (50g). 
 
Figure 7-5 Impedance distribution of P-Line (50g). 
 
Figure 7-6 Impedance distribution of O-Line (50g). 
 































































Figure 7-7 Impedance distribution of F-Line (100g). 
 
Figure 7-8 Impedance distribution of C-Line (100g). 
 
Figure 7-9 Impedance distribution of P-Line (100g). 

































































Figure 7-10 Impedance distribution of O-Line (100g). 
 
Figure 7-11 Impedance distribution of F-Line (150g). 
 

































































Figure 7-13 Impedance distribution of P-Line (150g). 
 
Figure 7-14 Impedance distribution of O-Line (150g). 
 
From Figures 7-5, 7-6 and 7-7 (with 50g mass applied), there is a trend where the 
scalp impedance becomes lower from the crown to the temporal region on either side 
of head. The occipital region does not exhibit this trend clearly. The scalp impedance 
from the frontal region of the scalp is generally lower than the central, parietal and the 
occipital regions. This may be due to lower terminal hair density on those regions 
compared to crown region (Pecoraro, Astore et al. 1971 ). 
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From Figures 7-8, 7-10 and 7-11 when an additional 50g of mass is applied (i.e. 
100g), all the impedance at the various 10-20 system scalp points drop significantly. 
Referring to the chapters 4 and 6, the fall in scalp impedance is mainly due to the 
accelerated diffusion of the ions of the electrolyte into the scalp. 
From Figures 7-12, 7-13 and 7-14, the electrode-scalp impedance continues to drop 
with an additional mass of 50g being applied (i.e.150g). In the case for frontal region, 
the impedance for P3 and P4 scalp points generally does not exhibit and further drop 
in scalp impedance. Probably the points are saturated with electrolyte no longer result 
to any noticeable change in scalp impedance.  
From Figures 7-15, 7-16, 7-17 and 7-18, and also the Table 7-1 the average 
percentage decrease in electrode-scalp impedance, of the subjects, from the 100g to 
150g mass in the crown region is generally smaller than the other regions. This shows 
that the impedance change in the crown region is less sensitive to the compressive 
load.  
In general, the relationship between the drop in scalp impedance and the applied load 
is not linear. This may be due to the thin scalp, or the scalp is permeable to the 
electrolyte, causing the scalp region to be saturated with electrolyte quickly between 
the top scalp surface and surface of skull. 
The individual difference in physiological structure and the condition of the scalp 
between different subjects may lead to high variance from the mean impedance. For 
example, two of the subjects have few values which show great difference from the 
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mean impedance. Both of them have reported to have a similar habit of scratching 
their scalp regularly, hence may explain for the deviation.  
Nonetheless, in less than 5 seconds, the measured impedance value is generally low 
with the use of the novel electrode as compared to conventional wet electrode by an 
electrode with only 5mm diameter. It shows that using the compression coupled with 
electrolytic gel reduced the scalp impedance and settling time drastically.  
By applying the findings in this chapter, a novel EEG electrode system is designed, 
developed and tested. This will be described in detail in the next chapter.  
 
Figure 7-15 Variable Mass Acting on F-Line. 

















Figure 7-16 Variable Mass Acting on C-Line. 
 
Figure 7-17 Variable Mass Acting on P-Line. 
 
Figure 7-18 Variable Mass Acting on O-Line. 
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Table 7-1 Table showing the average percentage decrease in scalp impedance when mass 
is added to the electrode. 
 
7.4 Concluding Remarks 
The essential results of this chapter are as follows: 
a) A novel electrode has been devised for quick skin impedance measurement on 
the scalp with hair. This electrode is derived from previous studies, which is by 
skin compression. The enhancement in the penetration of gel to quickly 
decrease and stabilize the skin impedance is realized.  
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b) Using the novel electrode, the electrode-scalp impedance distribution with 
variation of applied mass was carried out. 
c) The scalp impedance displayed a unique distribution on the scalp distribution. 
The crown region (CZ, PZ and FZ) exhibits the highest impedance compared to 
other regions. On the other hand, the frontal and the temporal regions displayed 
the lowest measured impedance. 
d) The electrode-scalp impedance decreases when load is applied onto the scalp. 
However, the relationship between the drop in scalp impedance and the applied 
load is not linear. 




THE NOVEL CONFINED DRY EEG ELECTRODE 
SYSTEM 
A novel dry electrode capable of taking EEG recordings within minutes was design, 
developed and evaluated. The recording was executed without the need for skin 
preparation or electrolytic gel application. Unlike the conventional wet electrode, this 
novel dry EEG Electrode will left vast amount of gel on the measurement site and no 
cleaning is needed. Results showed that the dry electrodes were capable of recording 
valid EEG data, as evidenced by the detection of alpha waves, and that its output 
signal was compatible with standard EEG machines. 
By using the novel confined dry EEG electrode, an EEG-based mental fatigue 
screening system (Shen, Li et al. 2008) will be presented in this chapter. Through the 
recording of EEG data, the system provides quick, objective and non-intrusive 
measurement of the subject’s mental fatigue level. This study aims to prove the 
viability of such technology through the development of a prototype system. Effort 
was focused on the integration of various hardware and software components into a 
working prototype, and on the conducting of tests to validate the system’s capabilities. 
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EEG data was also collected through a 25-hour sleep deprivation experiment. The 
data was used to train the mental fatigue measurement software, and to verify the 
system’s capability in performing EEG recording over a prolonged period of time. 
The results had successfully demonstrated the feasibility of monitoring mental fatigue 
through EEG by using the novel confined dry electrode. The findings and work that 
was accomplished in this study will contribute towards the development of a mental 
fatigue screening system as a marketable product. 
8.1 Introduction 
The objective of this study is to develop a product prototype of dry EEG electrodes 
that require no skin preparation or electrolytic gel application and an EEG-based 
mental fatigue screening system. Following the development of the prototype system, 
it will be tested for EEG data acquisition, so as to prove the viability of the system. 
The objective can be divided into the following milestones: 
1) Design and development of the through-hair dry EEG electrode that requires 
no skin preparation or electrolytic gel application. 
2) Develop various components of the mental fatigue screening system, including: 
a. A headband onto which the electrodes will be attached. 
b. An EEG signal processing module. 
c. Software for data acquisition and mental fatigue measurement. 
3) Integrate various hardware and software components into a working system 
for EEG recording. 
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4) Validate EEG data by testing whether alpha waves can be acquired by dry 
electrodes, and to ensure its compatibility with standard EEG machines. 
5) Collect EEG data for training of the mental fatigue measurement program. 
8.2 Mental Fatigue Screening System Design 
The mental fatigue screening system consists of three main modules, as shown in 
Figure 8-1. It facilitated the testing and troubleshooting of the system during the 
integration process.  
 
Figure 8-1 Schematic diagram of mental fatigue screening system. 
 
The sensors module consists of 10 electrodes positioned on the scalp for recording 
EEG measurements. These electrodes are mounted onto an adjustable headband, 
which facilitates electrode placement and ensures mechanical stability of the 
electrodes. 
The signal processor module consists of electronic circuit elements that process the 
raw signals from the EEG recording. An amplifier will increase the magnitude of the 
signal voltage, so that the EEG signal can be converted into digital data for analysis. 
Data acquisition and analysis will carried out in the software module. The software 
module with a Support Vector Machine (SVM) program will analyze the EEG data to 
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provide a measurement of the mental fatigue level. A software application will also 
provide a graphical user interface, allowing the user to interact with the system. 
8.3 Design and Development of the Novel Confined Dry EEG 
Electrode 
Prototype of a dry EEG electrode with the through-hair design that uses the principles 
of skin compression and gel interface that accelerate the change in skin impedance 
has been design and fabricated in this study.  
The feature of establishing quick EEG measurement within a minute is made possible. 
These electrodes are mounted on the scalp with an adjustable headband that holds 
them in place. 
As the name suggested, the EEG electrode confined the electrolytic gel solution from 
spreading out to the area other than the established electrode-skin interface. In this 
design, the novel dry EEG electrode comprises four functional parts.  
a) A reservoir chassis that contained the electrolytic solution and it has a 
through-hair structure that hold the other components  
b) A sensing material that made of conductive metal to sense the bio-potential 
signal 
c) Rigid absorbent probes to act as the electrolyte pathway or conductive 
pathway between the sensing material and the scalp. 
In the design, the probes are an extension from the electrode body that encased by a 
water non-permeable chassis. In this prototype design, three probes made of felt 
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material that is capable of absorbed the liquid solution quickly through the capillary 
action is used as electrolyte/conductive pathway between the sensing material and the 
scalp. These probes bridge the electrolytic solution that contained inside the chassis to 
the scalp surface and establish the electrode-skin interface for the EEG measurement. 
The diameter of the probe is small (3mm in this design) so that can allow each probe 
to pass through the hairs easily. The sensing material and probes material are encased 
inside water non-permeable chassis, only a very small portion of the probe at the tip is 
exposed to make contact to the scalp. This is the most efficient way to conserve the 
electrolytic solution and prevent it from evaporation for long lasting EEG 
measurement and keep the EEG measurement clean and ‘dry’. 
As shown in Figure 8-2, each individual dry electrode is an assembly of two main 
components, electrode chassis that holding a silver sensing material that connected to 
an external EEG amplifier and an electrode cartridge that contained a PVA sponge for 
holding electrolyte solution and electrode probes. For hygiene purposes, the cartridges 
were designed to be disposable. The section view of the electrode assembly is shown 
in Figure 8-3.  
The electrode chassis are permanently mounted onto the headband. The electrode 
cartridges are to be installed only when EEG recordings are to be conducted. Figure 
8-4 shows a fully assembled electrode, ready to be used for EEG recording. The 
electrode cap encloses the cartridge within the chassis, securing it in its place. 





Figure 8-2 Components of electrode assembly. From left to right: The electrode chassis 
mounted onto the headband, the electrode cartridge and the electrode cap. 
 
Figure 8-3 Section view of electrode assembly 
 
Figure 8-4: Various views of an assembled electrode. 
 
8.3.1 Design and Development of the Electrode Cartridge 
As shown in Figure 8-5, the electrode cartridge consists of the inner casing, a sponge 
acting as a well of storage for electrolytic solution, and three probes that maintain 
contact with the skin. The electrode cartridges had been mass produced.  




Figure 8-5 Electrode cartridge. 
The mass manufactured electrode cartridge consists of a sponge that was made of a 
piece of highly absorbent polyvinyl alcohol (PVA) sponge. The electrode cartridge 
with PVA sponge is shown in Figure 8-6. 
 
Figure 8-6 Electrode cartridges with PVA sponge. 
 
The cartridges were prepared, packed and stored before use, as shown in Figure 8-7. 
The PVA sponge was soaked with electrolytic fluid. 40 cm3 of the fluid was prepared 
by dissolving 4 g of sodium chloride salt in 5 cm3 of ethanol and 15 cm3 of distilled 
water. The prepared cartridges were then sealed in air-tight polystyrene bags for 
storage, to be taken out only when they were required for EEG recording. 




Figure 8-7 Electrode cartridges packed in polystyrene bag. 
 
8.3.2 Development of the Electrode Chassis 
As shown in Figure 8-8, the electrode chassis is made up of the following components: 
electrode disk, the outer casing and the cap. 
 
  
Figure 8-8 Exploded view of electrode chassis. 
The electrode was fabricated from a strip of fine silver with a millesimal fineness of 
999 (99.9% Ag). The strip was cut to form electrode disks of 5 mm diameter and 0.5 
mm thickness. The disks were polished to a mirror finish to remove any impurities on 
the surface. 
An insulated copper wire was then soldered onto the back side of the Ag disk. A 
nylon washer of 5 mm diameter was adhered onto the back of the disk with epoxy 
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glue. The washer acts as a supporting column that keeps the Ag disk upright, 
preventing mechanical disturbance to the soldered electrical contact. Various 
components of the electrode disk are shown in Figure 8-9. 
 
Figure 8-9 Electrode disk assembly. 
 
The electrode wires extend from the headband to a 9-pin plug, to be connected to 
amplifier. It should be noted that the shorter the distance of the wire between the 
electrode and the amplifier, the lower the electrical interference, and that the 
acceptable length of the wire is less than 1m. The lead wires of the system measure 
0.7 m.  
The outer casing and the cap were designed to contain the electrode cartridge, and 
were prototyped through rapid prototyping method.  
8.4 Headband Design and Development 
8.4.1 Electrode Placement 
8 channels were used for EEG measurement. In accordance with the International 10-
20 System (Jasper 1958; Klem, Luders et al. 1999)of electrode placement, the critical 
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electrode positions for detecting mental fatigue have been determined, and are shown 
in Figure 8-10.  
 
Figure 8-10 Electrode positions for EEG measurements. 
 
A common electrode reference montage, in which a single electrode is used as the 
common reference for all channels, is utilized in the system. The reference electrode 
is placed on the left mastoid (M1); the ground electrode is placed on the right 
mastoids (M2). The mastoid locations, which are the bony elements behind the ear, 
are suitable for reference and ground electrode placement as they have low electrical 
activity. Also, because they are near the scalp electrodes, they can detect the same 
electrocardiography (ECG) artifact as the measuring electrodes, thus cancelling it.  
In total, 10 electrodes (8 measuring electrodes, 1 reference electrode and 1 ground 
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Table 8-1 EEG montage for mental fatigue measurement. 
Channel number Measuring electrode Reference electrode Output value 
1 F3 M1 F3-M1 
2 Fz M1 Fz-M1 
3 F4 M1 F4-M1 
4 T3 M1 T3-M1 
5 Cz M1 Cz-M1 
6 T4 M1 T4-M1 
7 P3 M1 P3-M1 
8 P4 M1 P4-M1 
8.4.2 Design Considerations 
The headband played an important complimentary role to the dry electrodes. A well-
built headband was required for the accurate placement of 10 electrodes onto the scalp 
according to the International 10-20 System. In this study, a new headband design 
compatible with the dry electrodes was prepared. Prototypes were fabricated and were 
used together with the dry electrodes during EEG recording.  
The headband shall satisfy the following criteria: 
1) It shall offer mechanical stability to the electrodes, to ensure good skin-
electrode contact. 
2) It shall be comfortable and easy for the subject to wear. 
3) It shall be made adjustable to fit 90% of its intended users. 
P a g e  | 145 
 
 
Elastic straps were chosen as the material of choice in fabricating the headband. Such 
elastic straps had the flexibility to conform to the subject’s head contours and to 
ensure a secure fit to the head, as shown in Figure 8-11. The elasticity would also be 
harnessed to provide a downward-acting force on the electrodes, so as to ensure good 
skin-electrode contact.  
Polypropylene webbing was used in the areas where the electrodes would be mounted. 
Polypropylene webbing was chosen for its high strength and low stretch, even in wet 
conditions. Such properties would help to keep the electrodes stationary during EEG 
recording. The different materials used for fabricating the headband are shown in 
Figure 8-12. 
The design of the headband eliminated the need for a chin strap. While the chin strap 
is a common feature in conventional electrode caps, it often causes much discomfort 
to the subject. The surface of the elastic straps was of a soft padded material, 







Figure 8-11 Forces acted on by headband. 




Figure 8-12: Different materials used for headband. 
 
8.4.3 Development of Headband 
The first headband prototype that was developed can be seen in Figure 8-13. It 
features adjustability through the use of Velcro fasteners. 
A second prototype, as seen in Figure 8-14, was constructed to improve upon the first 
version. It was more durable, as it no longer used Velcro fasteners, but instead utilized 
nylon slides and loops for the adjustment of strap lengths. It featured a higher degree 
of adjustability, with a total of 5 adjustable parameters. 
Through the use of narrower elastic straps, it made the headband less bulky. There 
was also a 10% reduction in weight.  
The second prototype featured a more inclusive design that made considerations for 
human variability. Anthropometric data of East Asian adults (18 to over 60 years old) 
was compiled from various sources (Du, Zhuang et al. 2008; Lee and Park 2008). As 
the headband is designed to accommodate 90% of the anticipated users, the required 
range of adjustment was estimated from the values of the relevant 5th and 95th 
percentile dimensions. 
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The critical body dimension in this case is the head circumference. The headband 
prototype is made adjustable to fit head circumferences ranging from 450 mm to 660 
mm, effectively accommodating 90% of the target users. The improvements of the 
second prototype are summarized in Table 8-2. 
Table 8-2 Improvements in headband prototype development. 
Feature 1st headband prototype 2nd headband prototype 
Weight 140 g 125 g 
Strap width 30 mm 25 mm 
Adjustability 2 adjustable straps 5 adjustable straps 
Designed for human    




Figure 8-13: Front and side views of the first headband prototype. 




Figure 8-14 Various views of the second headband prototype. 
8.5 Signal Processor Development 
The system requires digital (as opposed to analog) recording of EEG signals, so that 
the data can be digitally processed for the prediction of mental fatigue levels. 
Electronic components such as differential amplifiers, analog-digital converters and 
digital filters are essential in a digital EEG system. 
8.5.1 Choice of Signal Processing Solution 
Many digital EEG processing solutions are readily available in the market. The 
BioCapture (Cleveland Medical Devices Inc.) research system, which was already 
available in the Neurosensors Laboratory, was chosen for this study. As a 
programmable monitor for recording physiological signals, it consists of 2 
components, the wireless EEG amplifier and the wireless receiver, shown in Figure 8-
15. 
The electrodes are connected to the amplifier unit, which is responsible for the 
amplification and digitization of EEG signals. The digital data is transmitted 
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wirelessly to the computer unit, which is connected to the computer via a standard 
USB connection. 
The BioCapture system was chosen because it met the specifications of the mental 
fatigue screening system. The electrode montage would require an amplifier with 8 
input channels, and the mental fatigue level classification software would require a 
sampling frequency of 256Hz. Some hardware specifications of the BioCapture 
system, compared with the requirements of this system, are presented in Table 8-3. 
In addition to meeting the above requirements, the BioCapture system also offered 
several other advantages. The amplifier unit was lightweight, had a compact form 
factor, and also featured wireless data transmission, thus allowing easy handling by 
the user. It also came with its own data acquisition software to facilitate component 
testing, such as the capability testing of the dry electrodes. Furthermore, software 
development kits (SDK) were also provided, allowing for easy integration with 
MATLAB 7.1 (MathWorks, Natick, Massachusetts, U.S.A.) and LabVIEW (National 
Instruments, Austin, TX, USA) during the software development phase. 
 
Figure 8-15 The BioCapture system: EEG Amplifier (left) and wireless receiver (right). 
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Table 8-3 Comparison between system requirements and BioCapture specifications. 
Criteria System Requirement BioCapture Specifications 
Number of channels 8 8 
Sampling rate 256 samples per second 128 – 960 samples per second (configurable) 
Digitization resolution 12 bits or more 8, 12, 16 bits (configurable) 
Common-mode 
rejection ratio At least 80 dB More than 90 dB 
Noise Less than 2 µV peak-to-peak 
(0.5 – 100 Hz) 
Less than 2 µV peak-to-peak 
(0.5 – 100 Hz) 
 
8.5.2 Electrode-amplifier Interface 
 
Figure 8-16 Modified electrode-amplifier interface. 
In order to provide convenience for the user in connecting the electrodes for EEG 
recording, the channel connection interface on the amplifier unit was modified to a 9-
pin interface. As seen in Figure 8-16, the 8 measuring electrodes and the reference 
electrode could be connected simultaneously via a 9-pin connector, while the ground 
electrode would be connected separately via standard electrode connector. 
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8.6 Software Development 
Software programming was required for the acquisition of EEG data, processing of 
EEG data to predict the mental fatigue level of the subject, and for the display of 
results 
8.6.1 Overall Control Algorithm 
Figure 8-17 illustrates the control algorithm of the system in a flowchart. The data 
acquisition and measurement of mental fatigue levels are executed in a linear manner. 
 
Figure 8-17 Control algorithm of the system. 
The program was written in LabVIEW. The LabVIEW language is well suited for 
handling data acquisition hardware, and its graphical nature allows for easy creation 
of a user interface panel. The BioCapture system also provided driver support and a 
SDK for LabVIEW, thus simplifying the software development process. 
8.6.2 Description of Mental Fatigue Measurement Software 
The mental fatigue measurement program was written in the MATLAB language. 
LabVIEW includes a native function to import MATLAB scripts, thus facilitating the 
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integration of the mental fatigue measurement program into the data acquisition 
program. 
 
Figure 8-18 Algorithm of mental fatigue measurement program. 
 
The algorithm for mental fatigue measurement is represented in Figure 8-18. The 
EEG data obtained by the data acquisition program is segmented into small data 
packets, or epochs. Each epoch is then processed for feature extraction, where the 
EEG data is analyzed for the presence of specific EEG features. 
The next step is feature selection, which identifies the key EEG features important for 
mental fatigue classification. These key features act as important information for the 
subsequent measurement of mental fatigue levels. 
Probabilistic-based multi-class SVM is used to assign this information to the most 
probable mental fatigue level. After all the epochs have been processed, a mental 
fatigue level will be determined. This method of mental fatigue measurement provides 
a classification accuracy of 91.2%. A detailed discussion on its approach and on SVM 
can be found in earlier publications (Shen, Ong et al. 2007; Shen, Li et al. 2008) 
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8.7 Development of the Graphical User Interface 
LabVIEW was used to design a control panel to the system, acting as the graphical 
user interface (GUI). The GUI displays the EEG readings, delivers the result of 
mental fatigue level prediction, and provides an interface for the user to control the 
EEG data acquisition process.  
8.8 Performance Evaluation 
Several tests were performed to verify the working capabilities of the system and its 
components. The results serve as a proof of concept of the technology proposed in 
this system. Observations from the tests were also used for the evaluation of the 
system’s performance. 
8.8.1 Evaluation of Confined Dry EEG Electrode 
The dry electrodes were subjected to laboratory tests, where they were used in EEG 
recording on one subject in alert state. The objectives of the tests were:  
1) To test the performance of the dry electrode by measuring its skin impedance 
level. 
2) To test the stabilization time taken by the dry electrode to achieve low skin 
impedance levels. 
3) To test the validity of the EEG data recorded by the dry electrode, verified by 
its ability to record alpha oscillatory activity. 
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EEG recording was conducted using the developed dry electrodes, secured onto the 
scalp with the elastic headband. The EEG waveform was acquired and recorded by 
the BioCapture system. No skin preparation was done prior to the recording, and new 
electrode cartridges were used. 
The skin impedance levels obtained by the dry electrodes were tested with the 
1089ES Checktrode impedance meter. The impedance levels fell within the range of 
10kΩ to 20kΩ, which are acceptable for EEG recordings. 
The electrodes also exhibited quick stabilization times – the low impedance levels 
were obtained as soon as good skin-electrode contact was achieved. The fastest 
application time recorded is 30 seconds. 
To further test for the impedance stability over time, a wearing time of 5 hours upon 
removal from their packaging was conducted separately. No significant increase in 
skin impedance over the 5 hours time period was observed with the current design. As 
the entire process of mental fatigue screening would take no longer than 5 minutes, 
such results were acceptable. 
Figures 8-19 show the waveforms of the EEG signals recorded. In order to test 
whether alpha waves (8–12Hz) could be recorded by the dry electrodes, EEG 
recordings were taken for long periods of eyes-closed states and eyes-open states. In 
Figure 8-19(a), alpha waves were clearly seen when the subject’s eyes were closed. 
When the subject’s eyes were open, the alpha waves were evidently suppressed, as 
shown in Figure 8-19(b). 
P a g e  | 155 
 
 
A similar EEG recording session was conducted with the dry electrodes connected to 
the Neuroscan NuAmps ExpressTM (trademark of Compumedics, USA) recording 
system, thus proving that the output of the dry electrode was fully compatible with 
standard EEG amplifiers. 
 
 
Figure 8-19 Samples of EEG waveforms recorded with a) during the closed-eye and b) 
opened-eye sessions, when in alert state. 
 
8.8.2 Data Collection for Software Training 
Two subjects underwent a 25-hour sleep deprivation experiment with monitoring by 
the EEG system. The purpose of the experiment was twofold:  
1) To collect EEG data for training the mental fatigue measurement software. 
2) To verify the system’s capability in performing EEG recording over a 
prolonged period of time. 
(a) 
(b) 
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The experiment was conducted in a temperature controlled laboratory, from 10am to 
10am of the following day. The subjects were prohibited from consuming caffeine 
and smoking from the previous day till the end of the experiment. EEG data was 
acquired at a sampling frequency of 256Hz using the dry electrodes, the elastic 
headband and the BioCapture system. 
The audio working-memory vigilance task (AWVT) was used to validate the mental 
fatigue measurements done through EEG. The advantages and details of the AWVT 
had been documented in an earlier paper (Tyagi R 2009). 
The subjects were required to participate in hourly data collection sessions. In each 
session, 3 minutes of EEG data was taken with the subject sitting still and with eyes 
opened, minimizing eye movement and eye blinking. It was immediately followed by 
another 3 minutes of EEG data recording with the subject performing the AWVT. 
EEG recording was successfully carried out throughout all recording sessions during 
the experiment. The data obtained from both subjects was then used to train the 
mental fatigue prediction software. 
8.9 Discussion 
The design and development work accomplished in this study contributes towards the 
delivery of the mental fatigue measurement system as a product. The tests that were 
performed focused on investigating and verifying the working capabilities of the 
system. The results have proven the viability of the proposed technology in the mental 
fatigue screening system. 
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Some limitations of the prototype system built in this study are discussed in the 
following sub-sections, so as to highlight the areas to be improved upon in the 
subsequent phases of development. 
8.9.1 Sustainability of Dry Electrodes 
Through the EEG recording sessions, the dry electrodes were assessed for their 
sustainability and durability. 
The electrode cartridges, filled with electrolytic fluid, could be used for at least 5 
hours upon removal from their packaging without increase in skin impedance. When 
not in use, the probe exposed to air, causing the electrolytic fluid to evaporate and salt 
crystals to form in the polymeric fiber of the probes. As a result, the flow of 
electrolytic fluid would be impeded after a period of time, causing a rise in skin 
impedance when the electrode is reused. Hence it is recommended not to reuse the 
electrode after exposed to the air for long period of time.  
The issue will not pose a problem when used in non-long term application such as the 
mental fatigue screening system since they are designed to be disposed of after each 
session of EEG recording.  
8.9.2 User Experience 
Because the system is designed to be used on many subjects at their working 
environment, it is important to discuss the experience of the end-user. The user 
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experience is evaluated according to the subject’s perception of its ease of use and 
comfort. 
8.9.2.1 Ease of Use 
The headband can be easily put on by the subject, requiring only a mirror to adjust the 
placement of the straps.  
Although the headband features a great degree of adjustability, the process of making 
adjustments through trial and error can be a tedious one. The subjects usually required 
at least two tries before obtaining a good fit. 
8.9.2.2 Comfort 
There was a tendency to excessively tighten the headband straps to ensure good skin-
electrode contact. Over long periods of wearing a tight headband, the subjects would 
feel uncomfortable due to the constricted feeling on their heads. 
With the exception of the above issue, the subjects found the electrode-headband 
assembly is comfortable to wear. Unlike most conventional headbands or electrode 
caps, the headband did not have a restricting chin strap.  
It is important to note that the subjects did not report any pain or irritation of the skin 
caused by skin contact to the electrode and electrolytic fluid. The fluid, unlike 
conventional gel, gave only a slight sensation of wetness.  
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8.10 Concluding Remarks 
The essential results of this chapter are as follows: 
a) The design and development of individual components, including dry electrodes 
assembly, a compatible headband, a signal processing module and software. 
b) The integration of hardware and software into a working system, which was 
subsequently used for EEG recording 
c) The through-hair electrode design is found to be effective in the testing phase. 
The electrode application time can be as fast as 1 minute and virtually no 
waiting is needed for EEG measurement. 
d) The novel EEG electrode has fulfilled all the requirements for a fast deployable 
EEG electrode, which are: 
1) No skin preparation is needed 
2) Minimal preparation time 
3) No cleaning of electrolyte gel and paste is needed 
4) Nominal skin impedance of less than 40kΩ  
5) Rapid reduction in skin impedance 
6) Compatible to majority of conventional EEG amplifier  
7) Small in size 
8) Low fabrication cost 
9) The electrode is disposable 
e) The EEG electrode was tested in the collection of EEG data through a 25-hour 
sleep deprivation experiment. The data was successfully used for training of the 
mental fatigue measurement program. The prototype system had fulfilled its 
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criteria, and had also exceeded initial requirements by featuring portability and 
wireless transmission. The success of this study will act as a stepping stone in 
the continuing work of developing the novel dry EEG system into a marketable 
product. 




THE NOVEL MICRO-SPIKE DRY EEG 
ELECTRODE SYSTEM 
In this chapter, a dry micro-spike electrode system that can be used on the subject 
with hair, without the need for skin preparation is presented (Ng, Seet et al. 2009). 
This innovative micro-spike dry EEG electrode system allows for long term EEG 
recordings consists of disposable electrode which is made of an array of conical shape 
micro-spikes to entrap the hairs which barely penetrate the outermost layer of the skin 
and improve the electrical contact between the electrode and the scalp. With 
innovative pillar, the electrode allows optimum contact for the micro-spikes and the 
scalp by entrap the hair in between them. The fabrication method of the electrode and 
headset will be described. The micro-spike EEG electrodes are mounted onto a 
complementary headset for EEG recording. In this study, the geometry parameters 
such as the number and the length of the micro-spike in relation to skin impedance 
were carried out and the performance of the dry EEG electrode are evaluated and 
compared against the conventional EEG electrodes.  
This study presents an innovative dry micro-spike electrode that can be used on the 
subject with hair, without the need for skin preparation. 
 




Conventional EEG electrodes are conductive gel based, the wet electrode, which 
requires skin preparation as well as the application of electrolytic gel in order to have 
stable low skin-electrode impedance. Such preparation results in long application 
times (up to several minutes per electrode) as well as long stabilization times due to 
the needs of diffusion of the electrolytic gel into the skin, thus making EEG 
measurement a complicated and time-consuming task. There are also several other 
problems associated with these electrodes, notably the inability to record long-term 
measurements and the inconvenience presented to the patient. 
By using electrode with micro-needle that pierce through the SC layer is one of the 
fastest ways to reduce skin impedance. However, in order for such electrode to be 
useful on the human scalp, the main challenge to prevent the hair from blocking the 
electrode to reach the scalp.  
A micro-spike electrode with micro pillars and semi-dome shoulder is proposed in 
this study to allow the hair to be entrapped in between the pillars and allows 
successful penetration. Previous research had focused on the design and development 
of the fabrication methods of the micro-array structures for EEG (Taheri, Knight et al. 
1994; Matteucci, Carabalona et al. 2007). Examples include Au coated Poly(methyl 
methacrylate) (PMMA) micro-needle arrays, which can be fabricated by deep x-ray 
lithography (DXRL), soft lithography method, pulse laser deposition (PLD) and 
thermal evaporation (Matteucci, Carabalona et al. 2007). Also, a Si-based spiked bio-
potential electrode with silver chloride coatings was fabricated by means of etching, 
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evaporation process and electrochemical cell process (Griss, Enoksson et al. 2001). 
Nonetheless, their electrodes do not have the through-hair feature, which leads to 
restricted used on the haired scalp. Similar to ENOBIO® electrode (G. Ruffini), their 
EEG electrode can only used on the forehead area. 
To allow for mass production of the disposable dry bio-potential electrodes at low 
cost, a fabrication method has been designed and tested. The method includes the 
micro-machining of the designed electrode as a master pattern to be used in the 
subsequent vacuum casting process, the vacuum casting of polyurethane (PU), epoxy, 
and epoxy-carbon base for the electrode. The fabrication method also consists of 
electroless plating or sputtering of metal coating and the chloriding of the silver 
coating on the base to form the dry and noninvasive EEG electrode.  
In order to verify the performance of the present electrode, a complementary headset 
for the electrode has been design and tested. This design allows swift application of 
electrode on the subjects. 
Lastly, the geometry parameters such as the number and the length of the micro-spike 
in relation to skin impedance were studied on the subject with hair at different lengths   
and the performance of the dry EEG electrode are evaluated and compared against the 
conventional EEG electrodes.  
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9.2 Electrode Design Concept 
The proposed disposable dry EEG electrode (Figure 9-1) is a type of resistive 
electrode that consists of multiple micro-spikes, with each micro-spike being built 
onto a pillar with a big shoulder. This design allows the entrapment of the hairs in 
between pillars for ease of penetration through subject’s hair. The distance between 
the tips of each spike is set at 1mm, the big shoulder with semi-dome shape allows the 
hairs to slide down and being catch in between the pillars so that the micro-spikes can 
reach the scalp and pierce through the dead skin layer without obstruction from hair. 
The shape and height of the spike has been designed to ensure sufficient piercing 
depth through the SC, without fracture of the spike. The conical shape spike with 6µm 
radius tip is designed for easy penetration. Another function of the shoulder on top of 
the pillar is to act as a barrier to impede the micro-spikes from over penetration into 
the deeper layers of the skin.   
Figure 9-1(a) shows the drawing of an  micro-spike Figure 9-1(b) is a 3-D drawing of 
the dry micro-spike electrode design and Figure 9-1(c) showing the section views of 










Figure 9-1 SolidWorks model showing: (a) 3-D model of a micro-spike on a pillar; (b) 3-
D model of a dry micro-spike electrode and (c) section views of a micro-spike electrode 
(Ng, Seet et al. 2009). 
 
9.3 Development of Micro-spike Electrode 
9.3.1  Vacuum Casting for Mass Production 
A mass production technology was proposed and implemented to produce the 
disposable dry micro-spike electrodes. This technology consists of a variety of 












Figure 9-2 Flowchart of the proposed technology to fabricate disposable dry micro-spike 
electrodes (Ng, Seet et al. 2009). 
 
 
Figure 9-3 SEM image of micro-machined die steel electrode (Ng, Seet et al. 2009).      
200m 
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CNC micro-machining was carried out to fabricate the dry micro-spike electrode, 
according to the proposed electrode design. An SEM image of micro-machined die 
steel electrode is shown in Figure 9-3.  
Using the micro-machined electrode as the master pattern, a silicone rubber mould is 
first produced through the curing of the silicone rubber mixture. The silicone rubber 
mixture was prepared by mixing the liquid silicone rubber with addition of a catalyst 
that amounted to 10% (weight) of the liquid silicone. This mixture was poured onto a 
container where the electrode master pattern was held in place by an adhesive tape. 
Air bubbles present in the silicone rubber mixture will greatly affect the quality of the 
casting. In order to remove these air bubbles from the silicone rubber mixture, the 
mixture has to be placed in a vacuum casting machine (MCP 4/01) to be degassed. 
The degassing time would depend on the amount of air bubbles present in the mixture. 
Experiments recorded the degassing time to be about 15-20 minutes on a 60ml 
silicone mixture. The degassed mixture was then cured at a temperature of 70ºc for 3-
4 hours. After the mixture was fully cured, the master pattern was mechanically 
removed from the cured silicone mould.  
Using the silicone rubber mould, PU and epoxy dry electrodes can be vacuum cast. 
Vacuum casting is a suitable process as it was proven to be capable of producing 
micro-parts that are dimensionally accurate with respect to the master pattern. PU and 
epoxy were selected in this study due to their good mechanical non-toxic properties. 
The polyurethane resin used was MCP 6230 which consisted of a two-part mixture. 
The two parts were mixed in the ratio of 2:1. Mixing results in a milky white solution 
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that was subsequently poured into the cured silicone mould. Degassing time for the 
PU mixture amounts to 40-50 minutes. For epoxy (Epicote 1006-A system), the epoxy 
resin and hardener was mixed in the ratio 10:6 and the degassing time was 
approximately 10-15 minutes. The polymer cast was obtained through curing and 
removal by mechanical means. A curing temperature was chosen to be 110˚C and the 
minimum curing time was found to be 70 minutes for PU and 100 minutes for the 
epoxy and epoxy-carbon composite. 
A layer of conductive silver coating was deposited onto the surface of the vacuum 
cast dry micro-spike electrode by means of electroless plating (A. Vaskelis 1996; 
Fang and Shi 2005). The electrolyte solution was prepared in the following steps: 2 
parts 3.5 mol/l (NH4)2SO4 solution and 1 part 25% NH3.H2O were added into 2 parts 
0.14 mol/l CoSO4. 0.15 g/l KBrO4 was also added to accelerate the coating process. 
After the polymeric electrode was rinsed, degreased with alcohol and dried, it was 
sensitized in Sn (II) solution (2g/l) for 10 minutes, rinsed with distilled water, and 
activated in 10g/l AgNO3 for 10 minutes. The plating process was carried out at room 
temperature and the plating time depended on the film thickness needed. From 
experiments conducted, a plating time of 1 hour yielded a deposited silver layer of 
about 1m. Figure 9-4 displays the images of the silver coated electrodes.  
Alternatively, a layer of conductive gold or silver materials can be deposited onto the 
vacuum casted dry micro-spike electrode with magnetron sputtering method (Figure 
9-5(b) and Figure 9-4 (c)).  
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Electrolysis was used on the silver coated electrodes produced from the previous 
fabrication processes. The silver coated substrates were immersed in a chlorine rich 
solution, and electrolysis is performed using a common 9V battery. The positive 
terminal of the battery was connected to the silver metal, and a plate of platinum was 
connected to the negative terminal in the solution. The electrolyte was prepared by 
mixing 1 part of distilled water, 1/2 part of HCl 25%, and FeCl3 is added at 0.5 g per 
ml of water. EDX measurements of the layer confirmed the presence of AgCl at the 
coating surfaces.  
 
Figure 9-4 Microscope pictures (450X zoom) showing: (a) top view of the micro spike (b) 
side view of the micro spike, showing clearly that the specially designed feature is still 
intact after silver deposition. (c) SEM images showing an individual micro-spike coated 
by sputtering method. (d) Two islands of micro-spikes. Micro-spikes of (a), (b) and (d) 














Figure 9-5 Pictures of the designed micro feature electrodes (a) before sputtering; (b) 
after sputtering (Ng, Seet et al. 2009).      
 
9.4 Design and Development of Headset Prototype  
 
Figure 9-6 Picture showing the setup that is to be used on the test subject. 
 
 
Figure 9-7 Picture showing (a) the electrode holder and casing (b) electrode assembly 
with electrode attached and (c) the electrode cup and light weight plastic version of 








Figure 9-8 Close up of electrode assembly fixed on metal sheet. 
With the development and fabrication of the dry electrode, the next stage will be to 
design an effective electrode support system or the headset for the testing purposes. 
The primary function of the headset system is to house the dry electrodes on one 
fixture, according to the International 10-20 system of electrode placement. For the 
present study, there are eight channels in use, with respect to the International 10-20 
system of electrode placement. The channels are chosen according to the mental 
fatigue measurement test as shown in chapter 8. In other application, the positions, as 
well as the number of electrodes to house on the headband can be altered with ease.  
The headband design (Figure 9-6) is coupled with a spring loaded electrode holder 
assembly can be seen in the Figure 9-7. The electrode is to be seated onto the cup 
(Figure 9-7(b)) and the cup will be assembled into the electrode casing.  Two springs 
are used in the present prototype to control the exerted force on the scalp, preventing 
excessive penetration which will damage the scalp, one is placed between the casing 
and the base of the cup (Figure 9-7(b) and the other one is secured between the casing 
and the headband (Figures 9-7(c) and 9-8). There is a matching hole on the metal 
sheet to allow the electrode assembly to pass through when the spring is compressed. 
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penetration of the spikes will be swept to one side. The catch locking the electrode 
inside the electrode holder would then be released.  
In this prototype, the electrode assemblies were incorporated onto a metallic structure 
that is formed from an aluminum sheet. The essential pressure to maintain good 
electrode-skin contact is rendered via the mild manipulation of the metallic base 
structure on which the electrode assemblies are housed. The malleability of the metal 
allows for this added advantage.  
  
Figure 9-9 a,b: Various views of the product on dummy head. 
The above pictures show the various views of the product on a dummy head (Figure 
9-9). The metallic structure is designed to envelope the head, securing the whole set 
up on the test subject. The comfort of the subject is not compromised in the process of 
ensuring the securing of the whole set up.  
9.5 Performance Evaluation for Micro-spike Dry EEG Electrode 
To study the performance of the micro-spike electrode, total ten subjects was 
recruited for this study, micro-spike EEG electrode with different number of spike 
and spike lengths were firstly compared by means of electrode-skin impedance 
(a) (b) 
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measured at 10 seconds after the onset of the electrode application. The users’ report 
on the experience for the electrode application will be also noted down after the 
experiment. 
Secondly, the performance of the micro-spike electrode is compared with two others 
commercially available electrode. And lastly, the ability of the micro-spike EEG 
electrode to capture a standard EEG is compared with the commercial EEG 
electrodes. 
Before the test, the electrode is fastened onto the cup. After securing the electrode, the 
whole cup will be inserted into the electrode casing which is already secured to the 
metal sheet. The whole set up is ready for use.  After the test subject puts on the 
product, care will be taken to manually remove the remaining strands of hair that may 
obstruct the penetration of the spikes. The catch of the electrode assembly would then 
be released to allow for the extension of the electrode, henceforth penetrating the 
scalp. 
9.5.1 Parametric Study on Total Contact Surface Area 
In this study, five different micro-spike EEG electrode designs with different number 
of spikes and length were fabricated to carry out a parametric study on the total 
contact area in relation to skin impedance. The total contact area is calculated based 
on the total contact area of the skin (epidermis layer including the SC) with the micro-
spike electrode. The total contact area is equal to number of micro-spike multiplied by 
contact surface area of each spike at height h as shown in Figure 9-10. 
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The parametric study on the different lengths of micro-spikes (0.070mm and 
0.110mm as shown in Figure 9-11) and the spike density of the electrodes was 
conducted by measuring the electrode-skin impedance with a reference electrode 
placed on the centre forehead with the skin abraded. A total of 7 male and 3 female 
healthy subjects with short to medium hair length were recruited to this study. The 
electrode-skin impedance was measured at 25Hz using the 1089 ES Checktrode® 
electrode tester from UFI with selector switch and the measurements were taken from 
10 seconds after the onset of the electrodes. The electrode-skin impedance of three 
electrodes namely the F3, T3 and P3 has been recorded for the parametric study. 
 
Figure 9-10 Contact surface area of each spike. 
 
Figure 9-11 Dimension of the spikes of two different lengths. 
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Table 9-1 shows the mean impedance value X , and the range of the electrode-skin 
impedance value of the three electrodes.  The results showed that the electrode-skin 
impedance reduced with increased number of spikes and spike length as the number 
of spikes and spike length are correlated to the electrode-skin contact area.  
As the result shown in Figure 9-12, the study found that micro-spike electrode with 76 
micro-spikes with a height of 110µm is sufficient for desirable impedance for EEG 
recording. However, it has to be noted that the impedance values recorded on subjects 
with longer and thicker hairs is always larger than the impedance values recorded 
from the subjects with shorter and lesser hair. This may be due to the insufficient 
amount of space between the pillars failing to entrap all the hairs underneath the 
electrode so as to ensure a good impedance to be achieved. 
Table 9-1 Electrode-skin impedance of five different micro-spikes configurations. 
 

























Ref - T3 
85-121 
X = 110 
60-80 
X = 72 
20-45 
X = 29 
50-47 
X = 63 
10-38 
X = 16 
Impedance (kΩ ) 
Ref – P3 
100-187 
X = 140 
80-122 
X = 97 
25-75 
X = 46 
60-105 
X = 77 
12-40 
X = 28 
Contact Area per 
Spike (μm2) 5621.21 5621.21 11429.50 5621.21 11429.50 
Total Contact Area 
(μm2) 202,363 387,863 788,636 427,212 868,642 













Figure 9-12 Graph of electrode skin impedance vs. total contact surface. 
 
9.5.1.1 User Experience 
Because the system is designed to be used on many subjects at their working 
environment, it is important to discuss the experience of the end-user. The user 
experience is evaluated according to the subject’s perception of its ease of use and 
comfort. 
9.5.1.2 Ease of Use 
The headband can be easily put on by the subject, requiring only a mirror to adjust the 
position of the headband.   
Before releasing the electrode for scalp contact, the hairs has to be carefully parted 
away at certain electrode position, this required the second person for assistant. The 
overall process is fast, the electrode application time can be as fast as one and half 
minutes. However, for the subjects with thick hairs, the application time can be as 
long as 4 minutes. 




The use of the micro-spike electrodes does not cause any discomfort to the users. It is 
important to note that the subjects did not report any pain or irritation of the skin 
caused by skin contact to the electrode. 
9.5.2 Comparative Study of Three Different Electrodes 
This study looks at how the various electrodes performed with respect to each other in 
terms of speed of application, convenience to user, comfortability and hygiene. Three 
types of electrodes were considered in this study, they are silver micro-spike 
electrode, and gold-plated cup electrode and Ag-AgCl electrode (Figure 9-13). Each 
of these electrodes is secured on three separate pieces of flat, elastic bands and is 
applied onto the P3, PZ and P4 positions (according to the International 10-20 system 
for electrode placement). A 14-hour recording is carried out and impedance readings 
of each of the three electrodes are taken at each hour to investigate the stability of the 
various electrodes over time.  
During the recording, all the waveforms are recorded by the Medtronic WavepointTM 
EEG recording system. The micro-spike electrodes are applied without the need of 
conventional skin preparation, which includes pre-cleaning with alcohol swap, and 
skin scrubbing by using the commercial available skin preparation gel. The results are 
obtained after the impedance stabilized and the results are monitored for half an hour.  




Figure 9-13 Picture showing (from left): mircro-spike electrode, gold cup electrode and 
Ag-AgCl electrode. 
 
9.5.2.1 Comparative study of three different electrodes: Impedance Stability 
As mentioned earlier, impedance readings of the various electrodes are taken at an 
interval of an hour during the 14-hour recording. The graph below shows the results 
of the comparisons of the three electrodes in terms of stability of the measured 
impedance.   
As shown in the Figure 9-14, the micro-spike electrode is subjected to the least 
amount of fluctuations across the 14 hours. For the other wet electrodes, the increase 
in impedance over time may be due to the drying up of the electrolyte gel.  
9.5.2.2 Comparative study of three different electrodes: Standard EEG comparisons 
During the standard EEG measurement, waveforms of the EEG signals are recorded. 
Figures 9-15 demonstrate the waveforms of the EEG signals recorded. In order to test 
whether alpha waves (8–12Hz) could be recorded by the dry electrodes, EEG 
recordings were taken for long periods of eyes-closed states and eyes-open states.  
Figure 9-15 (a) shows the clear and clean alpha-wave is clearly seen on every channel 
when the subject’s eyes were closed. The montage waveform from the micro-spike 
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electrode (P3-A2) shows it result in the similar quality of EEG signal compared to 
Ag-AgCl electrode (Pz-A2) and Gold cup electrode (P4-A2). With reference to the 
closed-eyes’s waveform, the opened-eye’s waveform is as shown in Figure 9-15 (b) 
where the alpha waves were evidently suppressed. The slight difference showed in the 
waveforms is due to different recording position.  
In comparisons, the speed of electrode application for micro-spike electrode is one of 
the fastest. The use of the micro-spike electrode is convenient, as it does not require 
skin preparation and gel cleaning. The use of the micro-spike electrodes does not 
cause any discomfort to the user. In terms of hygiene, the micro-spike electrode is the 
best choice since it is disposable. This will bring about greater peace of mind to the 
user as the usage of these electrodes would not bring about any complications that 
may be caused by the repeat usage of the electrodes. The waveform recorded during 










Figure 9-14 Graph indicating the impedance readings of the 3 electrodes over the 14 
hours duration (Ng, Seet et al. 2009). 





Figure 9-15 Sample of EEG waveforms recorded during the closed-eye (a) and opened- 
eye session (b) (Ng, Seet et al. 2009).      
9.6 Concluding Remarks 
The essential results of this chapter are as follows: 
a) A dry and noninvasive EEG electrode, made using a vacuum casting technology 
for the mass production, have been successfully developed and tested. The 
proposed technology includes: 1) the fabrication of the master pattern by micro-
machining; 2) the fabrication of the silicone rubber mould using the master 
pattern; 3) vacuum casting PU, epoxy of the base micro-spike electrodes using 
the silicone rubber mould; 4) depositing an electrically conductive layer (AgCl 
or Au) onto the vacuum cast base to form the electrode.  
b) An EEG headset complementary to the dry EEG electrode has been successfully 
developed and tested. 
c) Parametric study showed the electrode-skin impedance reduced with increased 
total contact surface area between the spikes and the skin. However, the 
(a) 
(b) 
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electrode-skin impedance of the subjects with longer and thicker hairs is always 
larger than the subjects with thinner hair. This may be due to the space between 
the pillars has failed to entrap all the hairs underneath the electrode.  
d) The electrode performance is found to be better in terms of the stability of the 
electrode-skin impedance over long period of recording as well as a much 
higher efficiency in preparation of the EEG measurement.  
e) Together with novel EEG headset, by using the novel micro-spike EEG 
electrode, the EEG recordings can be conducted within minutes and was 
executed without the need for skin preparation or electrolytic gel application 
and is more hygienic as it is disposable. Results showed that the dry micro-spike 
electrode is capable of recording valid EEG data, as evidenced by the detection 
of standard EEG signal, and that its output signal was compatible with standard 
EEG machines. 
f) In short, the novel micro-spike EEG electrode has fulfilled all the requirements 
for a fast deployable EEG electrode, which are: 
1) No skin preparation is needed 
2) Minimal preparation time 
3) No cleaning of electrolyte gel and paste is needed 
4) Nominal electrode-skin impedance of less than 40kΩ  
5) Rapid reduction in skin impedance 
6) Compatible to majority of conventional EEG amplifier  
7) Small-sized to allow for high density electrode array 
8) Low fabrication cost can be achieved by electroless plating  
9) The electrode is disposable 





In this thesis, the comprehensive understanding of most of the important factors 
affecting the time-variant characteristics of skin impedance has been provided. The 
factors include different electrolyte-skin contact areas, variations of ionic diffusion 
routes of the skin, chemical enhancer and skin compression has been successfully 
investigated. In addition, two innovative fast deployable through-hair EEG electrode 
systems have been proposed, design, developed and evaluated. The key contributions 
of this thesis are summarized as below: 
a) The requirements and design considerations concerned with the fast 
deployable EEG electrode has been determined and the challenges associated 
with the functional requirements have been analyzed and identified. 
b) The effect of different electrolyte-skin contact areas on the time-variant 
characteristics of skin impedance has been successfully studied, characterized 
and modeled. 
c) The effect of variations of the ions diffusion routes of the skin on the time-
variant characteristics of skin impedance has been successfully studied, 
characterized and modeled. 
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d) The effect of the ethanol and propylene glycol as penetration enhancer on the 
time-variant characteristics of skin impedance has been successfully 
investigated. 
e) The change in skin impedance under the effect of skin compression has been 
successfully characterized. The enhanced effect of skin compression on the 
skin impedance has also been successfully investigated. 
f) The scalp impedance distribution has been successfully studied and 
characterized by a novel electrode for quick skin impedance measurement 
utilized the combined effect of skin compression and electrolyte gel. 
g) The novel fast deployable confined dry EEG electrode system, based on the 
enhanced effect of skin compression and electrolyte gel has been proposed, 
design, developed and evaluated by underwent a 25-hour mental fatigue 
screening measurements. 
h) The novel through-hair micro-spike EEG electrode that is capable of 
measuring the EEG signal on the subject with hair without the need for 
electrolyte and skin preparation has been proposed developed and successfully 
evaluated. Parametric study showed the skin impedance reduced with 
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Derivation of Mathematical Representations  
The relationships between the skin impedance, appendageal and SC impedance 
over time can be known by deriving from the electrical model shown in Figure 
4-9.   
Firstly, the experimental data for the skin impedance over time can be modelled 
as equation A.1 using least square close fit curve method. 
0( ) T
t
T TZ t Z e C
          (A.1) 
Using Ohm’s law for 2 parallel resistors, the total skin impedance is: 
11 1( ) S AT
S A S A
Z ZZ
Z Z Z Z
           (A.2) 
Applying Chain Rule, 
2 2
( ) ( ). .
( ) ( )
S A A S A S S A S S AT A
S A S A
Z Z Z Z Z dZ Z Z Z Z ZdZ dZ
dt Z Z dt Z Z dt
         
2 2( ) . ( ) .S ST A A
S A S A
dZ ZdZ Z dZ
dt Z Z dt Z Z dt
         (A.3) 
Since the skin is modeled as having two different decay processes due to the ion 
diffusion of the electrolyte by the SC and appendages, 
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Hence comparing A.3 and A.4, 
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and 
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Finally, resolving the total impedance into the two components with time 
variable function, 
0 0( ).( 1) ( ).( 1) ( ).( )T T
t tA A T
S T T T
S S S
Z Z t Z e C Z e C     
                   (A.10) 
0 0( ).( 1) ( ).( 1) ( ).( )T T
t tS S T
A T T T
A A A
Z Z t Z e C Z e C     
       
           (A.11) 
 
 
